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ABSTRACT
[4-i3C]ALA.HCl (50% enriched) and [15^]ALA.HCl (50% 
enriched) have been synthesised and utilised in m echanistic 
studies. The synthesis of the former was achieved via a  modified 
literature procedure, employing [2-i3c]glycine (99.8% enriched) as 
the sta rtin g  m aterial. The NMR spectral d a ta  of the labelled 
materials have been fully characterised.
13c NMR studies of [4-l3c]ALA.HCl (50% enriched) have i
dem onstrated the forms of ALA and its autocondensation products 
u n d er physiological conditions. 1^0 and iH NMR stud ies have 
confirmed the existence of the alternative forms of ALA and its 
condensation products a t neu tra l pH. The non-enzym atic cyclic 
d im érisa tion  of ALA leads to the form ation  of 2,5-bis(2~ 
carboxyethyhpyrazine and under some circumstances, pseudo-PBG.
The condensation products of ALA under a  variety of conditions 
have been identified from their NMR spectra and m echanism s for 
their formation are proposed.
The condensation of ALA and its 5-methyl analogue with a 
variety of carbonyl com pounds have been investigated and the 
products (novel substitu ted  pyrroles in some cases) characterised 
by their melting points, elem entary analyses, m ass spectra  and 
NMR spectra. A hydrogen bonded enaminoketone in a chelated ring 
has been identified as the interm ediate in the reaction between 
ALA and 1,1,1 -trifluoropentane-2,4-dione, by iH  and 13^ NMR 
spectroscopy.
13c NMR kinetics of the reaction between ALA and pentane-
2 ,4-d ione h as  revealed th a t the  reaction  proceeds v ia  an  
enam inoketone in term ediate. The n a tu re  of th e  in term ediate 
species in the  above reaction  was confirmed by i^N  NMR
spectroscopy. On the basis of the kinetic evidence obtained for the 
reaction  betw een ALA and l,l,l-trif lu o ro p en tan e-2 ,4 -d io n e , a  
m echanism  has been proposed for the Knorr and Fischer-Fink 
pyrrole syntheses.
Studies with the bovine liver enzyme, ALA dehydratase, has 
revealed th a t it is very specific in the reaction tha t it catalyses; the 
Knorr-type dimérisation of two molecules of ALA to form PBG. The 
substrate analogues, levulinic acid and the methyl ester of ALA were 
found to be a non-competitive inhibitor and a very poor substrate of 
the enzyme respectively. The substra te  analogues, N,N-dimethyl- 
ALA and 5-methyl-ALA do not bind to the enzyme and therefore do 
not affect the rate of production of PBG. A m echanism  has been 
postulated for PBG biosynthesis, similar to the one proposed for the 
Knorr pyrrole synthesis.
Stopped-flow kinetics of the reaction between p-nitrophenyl- 
diazonium  tetrafluoroborate and bilirubin ditaurate disodium salt 
h as  revealed th a t diazonium ions are solely responsible for the 
cleavage of the central methylene bridge of the bilirubin conjugate 
molecule. On the basis of the above evidence, a  m echanism  has 
been proposed for the diazo coupling reaction.
vm
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C H A P T E R  O N E
INTRODUCTION
a1
NH
HN
IV8 m
PORPHIN-(FISHER) PORPHYRIN-(IUPAC-IUB)
Figure 1.1 Structures of the parent systems, porphin (Fischer) and 
porphyrin (lUPAC-IUB) showing the numeration of the four pyrrole 
rings.
1.1 General Introduction.
Porphyrins and porphyrin derivatives play a  vital role in the 
biochem istry of all living system s. They form the backbone of 
pigm ents, such  as haem  and chlorophylls, which have a wide 
biological distribution. Porphyrins and their derivatives are also 
present in a  wide variety of other biocatalysts such as cytochromes, 
vitamin B 1 2  and the prosthetic groups of enzymes e.g. peroxidases 
and catalases.
The bare tetrapyrrolic nucleus referred to as 'porphin' in the 
Fischer nom enclature is a  unique biological structure. It consists 
of a  macrocycle of four 'pyrrole-type' rings designated I, II, III and 
IV linked by four methine bridges a, p, y and ô (Fig. 1.1). This is a  
rigid planar structu re  from which porphyrins are derived, by the 
substitution of some or all of the peripheral carbon atoms (Cj to Cg) 
by a variety of side chains. The type of side chain determ ines the 
physical characteristics of the porphyrin.
The more recent lUPAC-IUB^ nom enclature h as  defined a 
new num bering system  for porphyrins, which brings porphyrin 
num era tion  in line w ith th a t of the biosynthetically  related 
corinnoid system. The parent system in the revised nom enclature 
is called porphyrin. The num bering of ring positions including 
nitrogen and the use of letters to denote individual rings is also 
shown in Fig. 1.1.
The norm al biological in term ediate is no t th is  highly 
co n ju g a ted  p o rphyrin , b u t the  h ex ah y d ro p o rp h y rin , th e  
porphyrinogen (Fig. 1.2) in which each of the m ethine bridges and 
th e  two py rro len in e  n itro g en  atom s are  h y d ro g en a ted . 
Porphyrinogens are colourless and unconjugated in contrast to the 
conjugated and brilliantly coloured porphyrins which fluoresce red
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Figure 1.2 S tu ctu res  o f porphyrinogen, th e  chlorin  n u c leu s  an d  th e  corrin  
n u cleu s.
in light of wavelength around 400 nm. The chem istry of these 
compounds is well described by Marks,® Smith® and Dolphin^ and 
various other aspects are discussed by Falk®’® and Adler.
A derivative of the porphyrin  n ucleus is the  chlorin  
nucleus (Fig. 1.2), a 17,18-dihydroporphyrin, in which saturation  is 
traditionally shown in ring D. Another highly modified form of the 
porphyrin nucleus is the corrin nucleus (Fig. 1.2). An im portant 
a ttribu te  arising from the complex ring structu res of porphyrins 
and porphyrin derivatives, and the available ligand binding sites 
w ithin  them , is the ir ability to bind m etals. Haem, an  iron 
containing porphyrin complex usually bound to various proteins is 
central to m any biological oxidations, especially those associated 
w ith drugs. Haem oproteins are also used as oxygen carriers. 
Chlorophylls, the magnesium complexes of the chlorin nuclei, are 
central in solar energy utilisation in the biosphere. Thus, all known 
photosynthetic organisms show porphyrin dependent metabolism. 
Deficiency of vitamin 3 ^ 2  (cyanocobalamin), the key natu ral product 
containing the corrin nucleus and a central cobalt atom, results in 
pernicious anaemia.
As well as the systematic formation of porphyrins in biological 
system s, abiotic synthesis of porphyrins has been described in 
which a  primitive chemical system has produced porphyrin like 
compounds through the high entropy of their formation. Such  
synthesis is im portant in the ontogenesis of terrestrial life since it 
would have facilitated the emergence of life forms by increasing the 
efficiency of oxido-reductive p r o c e s s e s . A s  a  consequence, 
porphyrins are found in fossil like forms and have even been 
identified in rocks from the moon.^^"^®
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1.2 Overall pathway for the biosynthesis of haem, chlorophylls and
corrins.
The biosynthesis of the tetrapyrrole ring system  typifies the 
economy of biosynthetic effort, requiring only a few enzymic stages 
to form the complex tetrapyrrole structure from simple precursor 
molecules. The initial biosynthetic sequence for the synthesis of 
haem , chlorophylls and corrins, is the sam e and in each case 
u tilizes porphyrinogens as d irect in term ediates of the final 
product.
They all begin with the biosynthesis of the highly reactive 
am inoketone, 5-aminolevulinic acid (ALA). There are two distinct 
routes by which ALA is produced. The first operates in animals and 
some bacteria utilising glycine and succinyl-CoA. Recently, a  second 
route involving the carbon skeleton of glutamate was identified, and 
has been shown to operate in plants and some anaerobic bacteria. 
Once formed, ALA dim erises by the action  of the  enzyme 
5-aminolevulinic acid dehydratase (ALA dehydratase) also known as 
porphobilinogen syn thase  (PBGS) to form the m onopyrrole, 
porphobilinogen (PBG). The enzyme porphobilinogen deam inase 
(PBG deaminase) brings about the head-to-tail condensation of four 
m olecules of PBG to generate  the  highly u n s ta b le  linear 
te trapyrro le , preuroporphyrinogen  or 1 -hydroxym ethylbilane. 
Cyclisation of preuroporphyrinogen proceeds by the action of the 
enzyme uroporphyrinogen III synthase (uro'gen III synthase) with 
rearrangem ent of ring D to form uroporphyrinogen III (uro'gen III). 
Uro'gen III is the universal tetrapyrrole p recursor from which 
porphyrins, chlorophylls, corrins and all other tetrapyrroles are 
derived. Uro’gen III may through m éthylation form sirrohem e, 
corrins or F4 3 0 . Alternatively, it may be biosynthesised into haem or
the chlorophylls.
The route to haem  involves the decarboxylation of uro'gen III 
a t  all four aceta te  side cha ins by the action  of the  enzyme 
uroporphyrinogen III decarboxylase (uro’gen decarboxylase) to give 
coproporphyrinogen III (copro'gen III). Two of th e  propionate 
groups of copro’gen III are then  oxidatively decarboxylated by the 
enzym e coproporphyrinogen III oxidase (copro'gen oxidase) to 
form  p ro to p o rp h y rin o g en  IX (p ro to ’gen IX). The enzym e 
protoporphyrinogen IX oxidase (proto’gen oxidase) th en  oxidises 
p ro to’gen IX to form protoporphyrin IX. Insertion of Fe2+ into the 
centre of protoporphyrin IX by the enzyme ferrochelatase, gives 
haem , w hich  is found as su c h  in haem oglobin, myoglobin, 
cy tochrom es b and  P-450, e ry th rocruon in , perox idases and  
catalases. Introduction of Mg2+ into protoporphyrin IX on the other 
hand, is the first step on the route to the chlorophylls. A schem atic 
representation of these pathways is shown in Scheme 1 . 1 .
1.3 Early investigations on the biosynthesis of the tetrapyrrole
ring.
The elucidation  of the  early  stages in  th e  te trapyrro le  
biosynthetic pathway was largely complete by the end of the 1950s 
a n d  a ll th e  in te rm e d ia te s  w ith  th e  e x c e p tio n  of 
p re u ro p o rp h y rin o g en  h a d  b een  c h a ra c te r ise d . The m ajo r 
con tribu tions stem m ed from the  investigations carried  ou t by 
Shem in and his co-workers in the United S tates and the group of j
Neuberger in the United Kingdom. Central to th e ir methodology 
w as the u se  of isotopes in  order to follow the  p a th  by w hich 
p recu rso rs  were incorporated  into haem . The u se  of orally 
adm inistered [I5]vj]giycine established th a t this am ino acid was the 
m o st effic ien t p re c u rso r  of th e  haem  n itro g en  a tom s, 
Subsequently , experim ents carried ou t with glycine, using  
enzyme extracts from avian erythrocytes established th a t the C-2 
ca rb o n  atom , b u t n o t th e  carboxyl carbon  of glycine w as 
incorporated into eight positions in the haem  macrocyclic ring.^^'^^
T h is  w as d ed u ced  by  d eg rad in g  th e  lab e lled  h aem  to 
ethylm ethylm aleim ide and  hem atinic acid. The m aleim ides were 
th en  fu rther degraded by m ethods which perm itted the isolation 
and  positional assignm ent of each of the carbon atom s present in 
th e  haem  m acrocycle. A dditional labelling experim ents using  
l-[i4 c ]ace ta te  and 2 -[i4c]aceta te  established th a t  the rem aining 
carbon atom s of haem  were derived from an  asym m etrical four- 
carbon com pound arising from the tricarboxylic acid c y c l e , a n d  a 
succinyl derivative, succinyl-CoA, was suggested as a  possible 
candidate. Subsequently, experimental proof for the involvement of 
succinyl-CoA was obtained from in vitro experim ents using avian 
e ry th ro cy te  p re p a ra tio n s .^ ^  The findings of th ese  pioneering
stud ies (sum m arised in Fig. 1.3) established the origin of all the 
carbon and nitrogen atom s in haem  and apply to all tetrapyrroles 
biosynthesised in mammalian, avian and some bacterial systems.
H3C
HN
CH
Figure 1.3 Origin of carbon and nitrogen atoms in protoporphyrin IX. 
* = N of glycine; * = COgH carbon of acetate; • = CH3 carbon of acetate; 
o = CHg carbon of glycine.
The labelling  d a ta  o b ta in ed  from  th e  in co rp o ra tio n  
experim ents w ith radioactive glycine and acetate, and  especially 
the  observation th a t the carboxyl carbon atom of glycine was not 
incorporated  into haem , led to the hypothesis th a t  glycine and 
succinyl-CoA condensed together to form 2 -am ino-3-ketoadipic 
acid w hich yields ALA on decarboxylation.^® This w as confirmed 
w hen [S-l'^ClALA was chem ically synthesised  and shovm to be 
incorporated into haem  in high yield and w ith a  labelling pattern  
identical to th a t given by [2-i4c]glycine.^®
At the time ALA was first described, the existence of the next 
in term edia te  in the porphyrin  biosynthetic pathw ay, PEG, had
already been known for several years, having been isolated from the 
u rine  of pa tien ts suffering from acute in te rm itten t porphyria. 
However, its  role as an  interm ediate in the haem  biosynthetic 
pathw ay was not recognised until its structure had been elucidated 
by X-ray crystallography^® and found to be similar to th a t postulated 
for the haem  precursor pyrrole. It then  became apparen t th a t two 
m olecules of ALA could account for all the carbon and nitrogen 
atom s of PBG. PEG was subsequently shown to ac t as an  excellent 
p recu rso r for porphyrins^® and its role as an  in term ediate was 
finally confirmed w hen it was shown to be formed enzymatically 
from ALA.®®’®^
1.4 Biosynthesis of ALA
1.4.1 Occurrence and properties of ALA synthases (EC 2  3* 1*37).
The first step, the rate controlling step of haem  biosynthesis, 
is the  condensation  of succinyl-CoA and glycine to form ALA 
(Scheme 1.2).
CO2H
succinyl-CoA
ALA synthase
HH ^ ^ C O g H
NHg
glycine
Scheme 1.2 The ALA synthase reaction.
ALA
COgH
+ CoASH + CO2
The enzyme ALA synthase, responsible for th is  reaction was
described sim ultaneously by Shemin and his co-workers in bacterial 
extracts®^ and by Neuberger and his group in avian preparations.^^ 
Since then , the enzyme h as been purified from m any sources 
including  Rhodobacter sphero ids , l i v e r s  of rat®^ and  chicken 
embryos,®® Euglena gracilis ®® and yeast.
In eukaryotes, the enzyme is located in the m itochondrion. 
A lthough succinyl-CoA is generated  by o ther enzyme system s 
su c h  as  m ethylm alonyl-C oA  m u ta se , su c c in a te  th io k in a se  
and  acetoacetyl-CoA : succinate transferase, the m ajor source of 
succinyl-CoA for haem  biosynthesis is from the tricarboxylic acid 
cycle.
Experim ents w ith chick embryo liver®® and  yeast®® h av e  
established th a t the enzyme is first synthesised in the cytosol as a  
pre-enzym e w hich  is tra n sp o rte d  ac ro ss the  m ito ch o n d ria l 
m em brane and processed to give the m ature form.
Haem is an  im portant regulator acting as both  a  feedback 
inh ib ito r of the enzyme directly and also as a  regulator a t  the 
nucleic acid level. Evidence for the presence of both  an  inhibitor 
and  an  activator of the enzyme have been obtained which indicates 
th a t it may be regulated through su lphur-contain ing  m etabolites 
su ch  as the trisu lph ides of cysteine and glutathione.^®  T h e se  
com pounds are able to activate ALA synthase in vitro by converting 
a low activity form to a  high activity form.
All the ALA syn thases purified to date appear to exist as 
hom odim ers with su b u n it m olecular weights varying from 40,000 
to 60,000. The enzyme is absolutely specific for glycine, b u t not for 
succinyl-CoA. The m ethyl ester of succinyl-CoA is also a good 
substra te  whereas glutaryl-CoA and acetyl-CoA are poor substrates.
All ALA synthases require the cofactor pyridoxal 5’-phosphate
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(PLP) fo r fu ll c a ta ly tic  activ ity .'*^  The ac tiv ity  of th e  
Rhodopseudom onas spheroids enzyme is maximal a t 50 mM PLP^^ 
b u t the natu re  of the interaction of the coenzyme w ith the enzyme 
is so complex th a t it is no t possible to determ ine the binding 
constan t with any precision.
Spectroscopic studies^® indicate th a t a t pH 5 or pH 8.5, the 
enzyme-PLP link is largely in the form of a  Schiff base  absorbing a t 
420 nm . At pH 7.2, w here the  enzyme is catalytically  active, 
experim ental evidence is more consistent w ith the presence of a  
carb ino lam ine or equivalent s tru c tu re , absorb ing  a t 3 3 3  nm . 
T reatm ent of the holoenzyme w ith sodium  borohydride leads to 
inactivation of the enzyme a t pH either side of pH 7,^^ although a t 
neu tra l pH, the enzyme is not inactivated to any great extent by the 
reagent. This suggests th a t a t neu tra l pH, PLP is bound in a less 
reactive form, possibly as a  carbinolamine substitu ted  by an  enzyme 
thiol ra ther than  as a  fully formed Schiff base as has been previously 
suggested.**®
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1.4.2 Mechanism of ALA synthase.
Most of the m echanistic details of the ALA synthase reaction 
have been deduced from investigations with the  enzyme isolated 
from R h o d o p seu d o m o n a s sphero ids. In common w ith other PLP 
catalysed enzyme reactions,**® the first event in the synthesis of ALA 
involves th e  b ind ing  of glycine to the  PLP-enzyme com plex 
[Scheme 1.3(i)] to form an  enzyme-PLP-glycine Schiff base complex 
[Scheme 1.3(ii)], It has been established th a t the la tte r generates a  
stabilised carbanion a t the glycine-a-carbon atom  [Scheme 1.3(iii)I 
by the loss of a  proton,*® this being the pro-R hydrogen atom .*^ 
T his conclusion  was streng thened  by the finding th a t in the 
absence of the second substrate, succinyl-CoA, the enzyme catalyses 
a  partia l reaction in which the pro-R hydrogen atom  of glycine is 
exchanged with the protons of the solvent.*® Reaction of succinyl- 
CoA with the enzyme-PLP-glycine carbanion interm ediate yields an  
enzym e-PLP-a-am ino-p-ketoadipic acid complex [Scheme I.3(iv)].
E x p e r im e n ta l  e v id e n c e * ^  h a s  show n th a t  fu r th e r  
tra n s fo rm a tio n  of th is  in te rm ed ia te  in to  ALA o ccu rs  by 
decarboxylation to generate the enzyme-bound interm ediate enol 
[Scheme 1.3(v)] which is then  protonated stereospecifically to form 
the  enzym e-pyridoxal 5 '-phosphate Schiff base of ALA [Scheme 
1.3(vi)]. The p ro - 8  hydrogen atom  of glycine is re ta ined  in the 
biosynthesis*® and incorporated into the pro-S configuration a t the 
C-5 position  of ALA. This suggests th a t of th e  two crucial 
conversions [Scheme 1.3(ii to iv) and (iv to vi)l one proceeds by an  
inversion  and  the  o ther by a  reten tion  of configuration. The 
conclusion th a t the pro-S hydrogen atom of glycine is incorporated 
into th e  pro-S hydrogen atom  a t the C-5 position  of ALA w as 
strengthened by the finding th a t in the absence of either substra te ,
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the enzyme catalyses the exchange of the pro-R hydrogen atoms a t 
the C-5 position of ALA.®® In the mechanism of the ALA synthase 
reaction, it is assum ed tha t in the conversion of (iii) to (iv) (Scheme 
1.3) the hydrogen abstracted by the basic group on the enzyme 
exchanges with the protons of the medium (H^^).
1.5 Biosynthesis of ALA from glutamate.
Investigators were puzzled for many years by their inability to 
detect the enzyme ALA synthase in higher plants. The problem was 
solved by Beale and Castelfranco®^ when they dem onstrated th a t 
ALA was derived from the carbon skeleton of glutam ate in greening 
cucum ber cotyledons. F urther experim ents w ith [ i4 c ]-lab e lled  
glutam ate in greening barley showed tha t it was incorporated into 
ALA with the carbon skeleton in tact and with C-1 of glutam ate 
giving rise to C-5 of ALA.®^
Much of the earlier work on ALA formation from five-carbon
precursors by in tact chloroplasts and unpurified cell extracts has
been reviewed by Beale. The existence of the C-5 pathway has
been confirmed in barley,®* Euglena g r a c i l i s , the green algae
Chlamydomonas retnhardtii ®® and Chlorella vulgaris,^'^ the red alga
5 8C yanidium  caldarium, the cyanobacteria S yn e c h o c ys tis  and 
Synechococcus,®® the prochlorophyte Proc/iiorothrix®® and the 
pho tosyn thetic  bac terium  C hlorobium .^^  Sim ilar or identical 
reaction mechanisms appear to operate in all cases.
1.5.1 Mechanism of ALA formation from glutamate.
The elucidation of the pathw ay by w hich g lu tam ate is 
transform ed into ALA has been the subject of intensive research 
over the last decade. The enzymes have been characterised m ost
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Scheme 1.4 Glutamate pathway for the biosynthesis of ALA.
fully in barley and it is assum ed, though not proven, th a t sim ilar 
enzym es are operative in algae and bacteria . A ltogether, three 
enzymes have been detected in extracts of greening barley.®^ In 
addition, the involvement of tRNAêl^ has also been established.®^'®"^ 
The first enzyme, glutamate-tRNA syn thetase catalyses the 
coupling of g lutam ate to tRNAêlu, a  reaction w hich requires ATP 
and  m agnesium  ions. The glutamyl-tRNA is th en  reduced by a  
second enzyme in an  NADPH requiring reaction. The product of 
th is  re d u c tio n  h a s  b een  c h a ra c te r is e d  a s  g lu ta m a te - 1 - 
semialdehyde®® or its hydrated hem iacetal form.®^ However, some 
of the reported properties of the product are inconsistent with the 
presence of a  2-am inoaldehyde group and Jo rd a n  et al ®® have 
suggested th a t 2 -hydroxy-3-am inotetrahydropyran-l-one (HAT), the 
cyclised form of glutam ate-l-sem ialdehyde is the tru e  precursor of 
ALA. The p lau sib le  m ech an ism  of the  th ird  enzym e, an  
am inotransferase has been proposed by Hoober et al ®  ^ in which the 
glutam ate-l-sem ialdehyde b inds to the enzyme w hich contains a 
pyridoxam ine phosphate cofactor a t the active site. The amino 
group transEiminates w ith the substra te  to yield an  enzyme -bound 
4,5-diam inovalerate interm ediate. This is transform ed into ALA by 
donating the amino group in the C-4 position to the  pyridoxal 5’- 
phosphate  to regenerate the pyridoxam ine 5 '-phosphate-enzym e 
ready to receive the next substra te . This m echanism  explains why 
an  am ino donor other th an  the su b stra te  is required and is also 
consisten t with the NMR experim ents of Mau and Wang®® which 
showed th a t there was interm olecular transfer of the amino group 
d u rin g  the  reac tion . The likely  involvem ent of th e  cyclic 
in te rm ed ia te  (HAT) as a su b s tra te  need no t affect the  above 
m echanism  since the transam inase would ring open the compound
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as the first step in the mechanism.
Experim ents carried out w ith S ce n ed e sm a s  have revealed 
th a t in th is organism 4,5-dioxovalerate is a  better precursor for ALA 
th a n  g lu tam ate-l-sem ialdehyde. The presence of th e  enzyme 
L-alanine -4 ,5-dioxovalerate transam inase  h as been  presented  as 
ev idence for a  two stage  tran sfo rm a tio n  of g lu tam a te -l-  
semialdehyde into ALA. It is possible tha t variations on the pathway 
shown in Scheme 1.4 exist in different organism s w ith 4,5-dioxo­
valerate as an  interm ediate between glutam ate-l-sem ialdehyde and 
ALA in Scenedesm as  b u t not in barley. The formation of ALA from 
g lu tam ate th rough  dioxovalerate (DOVA) has been  show n to be 
presen t in bovine liver^® and labelled DOVA has been incorporated 
into ALA and haem  in rats.^^
In vivo and in vitro resu lts  indicate th a t in higher p lants, 
green algae, red algae and cyanobacteria all cellular tetrapyrroles 
are formed from glutam ate. Some photosynthetic bacteria  have the 
glutam ate pathway, while others have the glycine pathway. Euglena  
g ra c ilis  is un iquely  able to form plastid  te trapyrro les from 
glutam ate while sim ultaneously forming m itochondrial haem s from 
glycine and succinate.
1.6 Biosynthesis of porphobilinogen.
1.6.1 Occurrence and properties of ALA dehydratases (EC 4*2*1*24)
The enzyme ALA dehydratase was intially shown to be present 
in ox liver®^ and avian erythrocytes.®® The enzym e h as since 
been show n to be p resen t in  virtually all living organism s and 
h as  been  highly purified from a  variety of so u rces including 
hu m an  eiythrocytes,^®’^ ® bovine liver,^^’^ ® yeast,^® s p i n a c h , a n d  
Rhodospseudomonas spheroids7^
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The reac tio n  ca ta ly sed  by the  enzym e involves the  
dim érisation of two molecules of ALA in a Knorr reaction with the 
elim ination of two molecules of water, to form PBG as shown in 
Scheme 1.5.
COgH CO2H
CO2H /  CO2H
ALA dehydratase 
NHgNH<
ALA ALA PBG
Scheme 1.5 The ALA dehydratase reaction.
There are com prehensive reviews of the properties of ALA 
dehydratases in the l i t e r a t u r e . ^ ® T h e  m am m alian and avian 
enzymes are zinc metalloenzymes, all of which have pH optim a in 
the range 6.3 to 7.0 and are inhibited by EDTA. D ehydratases of this 
class have molecular weights of about 280,000, m ade up  of eight 
identical subunits of molecular weight 3 5 ,0 0 0 .
The bacterial enzymes have veiy different properties with pH 
optim a from 8  to 8.5 and a  requirem ent for m onovalent cations 
such  as for maximal activity. Although bacterial enzymes are not 
inhibited by EDTA and are not activated by zinc ions, th is  does not 
necessarily  preclude the presence of a  very tight zinc binding site. 
The enzyme from R hodopseudom onas spheroids  h as  a  molecular 
weight of 240,000 and has been shown to exist as an  octamer.®^ 
D eh y d ra tases  from p lan ts^^  an d  yeast^® also seem  to be zinc 
metalloenzymes as judged by their susceptibility to EDTA, however 
their pH optim a are somewhat higher th an  those of the m am m alian
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enzymes.
E lectron m icroscopy of the  bovine ALA dehydratase  h as  
revealed th a t the eight subun its  are arranged a t the corners of a  
cube w ith dihedral symmetry.®® Recent experim ental evidence®** 
h as shown th a t the octam er is a  dimer of te tram ers and th a t each 
te tram er is a  dimer of dimers. The conclusions from these studies 
are consistent w ith the enzyme structu re  being composed of four 
functional dim ers. In th is  connection, there  is a  considerable 
am ount of evidence to suggest th a t the bovine enzyme, a t least, 
ex h ib its  h a lf-s ite  reactivity.®® The ALA d eh y d ra ta se  from  
Rhodopseudom onas spheroids  has also been shown to dissociate 
into four functional tetram ers in the absence of potassium  ions.®^
A com m on feature of all dehydratases is the  rem arkable 
sensitivity of their sulfhydryl groups to oxygen or to thiol reagents. 
On exposure of the native bovine enzyme to oxygen there is a  rapid 
loss of enzyme activity which is associated with the oxidation of two 
highly reactive -SH groups of two cysteine residues a t the active 
site to form an S-S bond.®®'®® Full catalytic activity can be restored 
on trea tm en t of the enzyme with an  exogenous thiol.®® Chemical 
m odification by reagen ts directed toward alkylation of cysteine 
inactivate the enzyme e.g. N-ethylmaleimide,®® p -ch lo ro m ercu ri- 
benzoate,®^ iodoacetic acid,®®’®^ *®® iodoacetamide,®® 3- and 5-halo- 
levulinic acids®® and 5,5'-dithiobis(2-nitrobenzoic acid).®* S tud ies 
w ith the hum an ALA dehydratase labelled with 65zn2+®® have shown 
th a t -SH groups are involved with the binding of the m etal ion.
The m etal requirem ents for the dehydratase enzymes have 
been investigated largely w ith the m am m alian enzymes, especially 
those isolated from h u m an  erythrocytes and bovine liver. It h as  
been established th a t one zinc ion is bound per subunit, eight per
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octam er, on the basis of experim ents with both  nonradioactive 
zinc®®’®^  and with 65% .^®® W hether zinc is essential for catalytic 
activity is still in doubt. Investigations by Tsukam oto et al ®®'®  ^
suggest th a t zinc plays only a  conformational role and is not 
essential for activity. Bevan et at have suggested th a t only four 
zinc ions per octamer are required for full catalytic activity and th a t 
only half the subunits may be catalytically active a t one time. Jaffe 
et ai ®® have confirmed both observations th a t four Zn^+/mol of 
octameric apoenzyme are necessary for full catalytic activity and 
th a t holoenzyme isolated in the presence of 1 0  jiM ZnClg contains
eight Zn^+/octamer. The additional four binding sites are believed 
to be catalytically unim portant. Using 65zn2+ Gibbs and Jordan®^ 
have dem onstrated th a t when only four zinc ions are bound per 
octam er, the enzyme is half active and th a t eight zinc ions are 
necessary for full catalytic activity.
Zinc has also been shown to activate the enzyme in vivo in
9 8h u m a n s  and to be essential for the de novo synthesis of the 
enzyme in fungi.®® Cadmium displaces from the enzyme
more rapidly th an  nonlabelled zinc,®® in keeping with the higher 
affinity of the enzyme for cadmium ions.®® Substitu tion by n ^ c d  
ions a t the zinc binding site yields an  active enzyme with a  single 
i l ^Cd NMR resonance at 79.0 ppm. This signal is not affected by 
the addition of ALA, suggesting tha t the substrate is not interacting 
directly with the metal ion.^®®
Evidence from X-ray absorption spectroscopy^®^ has revealed 
th a t zinc is ligated to three su lphur atoms. The stoichiom etry of 
three su lphu r ligands to Zn(II) concurs with the findings of Jaffe 
et al ®® th a t m ethylm ethanethiosulphonate (MMTS) modification of 
ALA dehydratase at a stoichiometry of three per subun it results in
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complete loss of the intrinsic Zn(II). The availability of the cDNA 
sequence from the hum an  ALA dehydratase h as  provided the 
opportunity to examine the derived primauy structure of the hum an 
enzyme and to suggest the possible location of these  th ree 
sulphydryl groups.^®® A sequence is present close to the consensus 
zinc binding sites as deduced from sequences described in other 
zinc metalloenzymes.^®® This sequence contains four cysteine 
residues, two of which are the oxygen-sensitive groups responsible 
for the form ation of the S-S bond. In addition, there are two 
histidine residues one of which is thought to interact with the zinc 
ion based  on evidence from inactivation studies.®® H ow ever, 
w hether the putative metal binding site comprises these histidines 
is not known. The proposed metal-binding site sequence runs from 
residues 119 to 132 in the hum an enzyme with the four amino 
acids proposed as metal ligands indicated (x). This sequence is 
identical to th a t determ ined for the rat^®* and is sim ilar to 
the  prim ary protein  s tru c tu re  derived from the E, coli gene 
sequence,^®® with all bu t one of the putative cysteine residues and 
both histidine residues conserved (*).
X X  X XHuman enzyme C D V C L C P Y T S H G H C G
* * * * * * * *  * * *Rat enzyme C D V C L C P Y T S H G H C G
E. coli enzyme S D T C F C E Y T S H G H C G
The E, coli enzyme, if it is typical of other bacterial enzymes 
would also seem to have the m etal binding site. The structu ra l
differences may, however, make a difference in the tightness of the 
m etal binding which could account for the lack of EDTA inhibition
'.Is
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seen in  the bacterial enzymes.
One of the m ost interesting properties of the m am m alian ALA 
dehydratases is their reaction with and inactivation by lead ions. 
The activities of human®® and rat^®® erythrocyte ALA dehydratases 
are inhibited by lead, both in vivo and in vitro, although, zinc is 
able to overcome th is inhibition. Such is the sensitivity of the 
dehydratase to lead in vivo, th a t its activity has been used  to 
monitor plasm a lead levels in hum ans with lead poisoning. ^ ®  ^ One 
of the effects of lead poisoning,^®® which directly relates to the 
inhibition of the ALA dehydratase enzyme is the sharp rise of ALA in 
the blood^®®'^^^ and the severe accompanying abdom inal pain, 
periphera l neuropathy , hypertension and m ental dysfunction 
caused  by th is  com pound. ALA has been shown to ac t as a
4-aminobutyric acid agonist and found to inhibit the activity of the 
mammalian spinal motor neurons probably via 4-aminobutyric acid 
inhibitory s y n a p s e s . T h e  most obvious mechanism by which lead 
in h ib its  the  m am m alian dehydratases is th o u g h t to be by 
displacem ent of zinc. However, recent studies®^ have shown th a t 
lead completely inactivates the labelled hum an enzyme, bu t
th a t only half the radioactivity is displaced from the enzyme. These 
findings suggest th a t either half-site reactivity is involved or th a t 
zinc and lead may interact with the hum an enzyme a t more than  
one site.^^® It is also possible th a t binding of lead to only half the 
subunits in the octamer, may cause a confirmational change which 
accounts for the loss of all the activity.
There are three other diseases in which large am ounts of ALA 
are produced and excreted in the urine with clinical features 
resem bling those of lead poisoning; hereditary tyrosinaem ia,^^* 
plumboporphyria^^® and acute interm ittent porphyria. ^ ^®
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Hereditary tyrosinaem ia is an autosom al recessive inborn 
error of m etabolism  due to a deficiency of 4-fum arylacetate 
h y d r o l a s e . A s  a result, the metabolite, succinylacetone (4,6- 
dioxoheptanoic acid) accumulates. Succinylacetone is an  extremely 
p o ten t com petitive inh ib ito r of ALA dehydratase^^®  and in 
hereditary  tyrosinaemia, both plasm a concentration and u rinaiy  
excretion of ALA are increased. The porphyrias are a heterogeneous 
group of inherited disorders th a t have been linked to enzymatic 
defects in the haem  biosynthetic pathway. These disorders
range from mild photosensitivity to severe mutilating sun  sensitivity 
and from mild abdominal pain to life threatening hepatic failure. 
There are however no dermatological m anifestations in acute 
in te rm itten t porphyria. P lum boporphyria is the re su lt of an  
in h e ren t defect in ALA dehydratase and acu te in te rm itten t 
porphyria is caused by a defect in PBG deaminase, the next enzyme 
in the haem biosynthetic pathway.
1.6.2. Current knowledge of the ALA dehydratase reaction.
The ALA dehydratase reaction proceeds via  a  Schiff base 
1 2 2interm ediate formed between one molecule of ALA and an active 
group on the enzyme. The enzymic group involved with the binding 
of ALA to the enzyme from Rhodopseudomonas spheroids and  
from hum an  erythrocytes^®* has been identified as the e-am ino 
group of a  lysine residue.
The Schiff base forms between the enzyme and C4  of the first
ALA which binds to its active site.^®®’ ®^® Labelling stud ies w ith 
[5-13c]ALA and [S-i'^CJALA, have dem onstrated th a t th is  ALA 
becomes tlie P-side of PBG in the case of the bovine liver^®® and the 
hum an red blood cell enzyme^®® respectively [(*) in Scheme 1 .6 ].
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Scheme 1.6 Formation of [3,5-^^C]FBG from [4-^^C]ALA. * denotes the 
site of P-side Schiff base formation; • denotes labelled positions.
The C5 proton of P-side ALA is extracted from the  p ro -R
1.27 1 2 ap o sitio n . ’ Octam eric enzyme requires four Zn(II) for full
catalytic a c t i v i t y . S c h i f f  base trapping stud ies indicate four 
active sites  per octam er or eight sites w ith s trong  negative
1 OQcooperativ ity , though others have presented  d a ta  to support
eight active sites per octamer.®®’^ ^ Modification of ALA dehydratase 
w ith the small reversible sulfhydryl reagent. MMTS, introduced by 
Sm ith et a i , forms a  protein th a t is completely inactive toward 
PBG production, is free of Zn(II), is highly stable and can be fully 
reactivated  by the addition of 2 -m ercaptoethanol and Zn(II) or 
Cd(II).®® MMTS m odified enzym e form s th e  S ch iff b a se
1.29in term ediate, b u t cannot bind A-side ALA and cannot therefore 
catalyse PBG form ation. T hus, the form ation of a  Schiff base  
betw een P-side ALA and the active site lysine residue requires 
neither Zn(ll) nor reduced enzyme sulfhydryl group. Recently, Jaffe 
and M a r k h a m h a v e  shown th a t for the complex formed from 
[4-l3C]ALA an d /o r [5-^%]ALA and MMTS modified ALA dehydratase, 
the  predom inant species is a  Schiff base adduct, w ith C5  of ALA 
tra n s  to the lysine m ethylene and the pro tonation  of the two 
nitrogens opposite, as shown in Fig. 1.4.
2 0
yCOg CO2-
c%  c %
 C H 2 C H 2 E ------ C H 2 C H 2
N =  C or N = C\  \H CH2 CH2
/  /NH2 NH3
Figure 1.4 Stereochemistry and possible protonation states of the 
P-side Schiff base intermediate; E = enzyme.
The chemical shift^®® of the complex formed between 
[3 ,3 -2h ,3 -13c]aL A  and MMTS modified ALA dehydratase h as  
confirmed the E  stereochem istry of the imine double bond. By 
com parison with model imines^®® formed between [i^NJALA and 
hydrazine and hydroxylamine, the chemical shift of the Schiff 
base adduct formed between [^ ^ n ja la  and MMTS modified ALA 
dehydratase, suggests th a t the amino group is in an  environment 
resembling partial deprotonation. Deprotonation of the amino group 
would facilitate formation of a  Schiff base between the amino group 
of the enzym e-bound Schiff base and C4  of the second ALA 
substra te . This is the first evidence supporting carbon-nitrogen 
bond formation as the initial site of Interaction between the two 
ALA substrate molecules.
The num erous reports on half-site reactivity need to be 
fu rther studied. Half the subunits of the bovine dehydratase are 
m odified on reduction  w ith borohydride in the presence of
[4_14c ]a LA, su ggesting  th a t  h a lf-site  reac tiv ity  m ay be
a i  129 asoperative. ’ S tudies with the active-site-directed reagent,
5-chlorolevulinic acid have also revealed an  elem ent of half-site 
reactivity. Aspects of half-site reactivity of ALA dehydratases have
2 1
been discussed in detail elsewhere.®®
Studies of dissociation and rehybridisation of bovine liver ALA 
dehydra tase a ttached to Sepharose suggested th a t dimer formation 
w as necessary for PBG formation, It was therefore suggested th a t 
one ALA reac ts with one type of subun it to form a Schiff base and 
another ALA is bound non-covalently to a second type of subunit, 
which maybe of sim ilar composition to the su b u n it th a t  binds ALA 
by Schiff base formation.^®® The proof of this hypothesis would lie 
in  estab lish ing  the  non-identity  of the su b u n its . Wu et a t ®® 
rigorously dem onstrated th a t bovine liver ALA dehydra tase was an 
octam er composed of eight subun its  which were indistinguishable 
by sedim entation equilibrium in 6  M guanidine hydrochloride or by 
polyacrylam ide gel electrophoresis in the p resence  of sodium  
dodecyl sulpha te. Investigations of subunit composition by prim ary 
sequence analysis of bovine liver ALA dehydratase by Hohberger^®® 
revealed th a t  the NH2 -term inal sequences were blocked and th a t  
th e  n u m b er of pep tides on tryptic digest w as equal to th a t  
predicted by the am ino acid composition. However there exists an  
intriguing report th a t only half of the NH2 ~terminal residues of the 
bovine enzyme are acylated, suggesting a sub tle  difference in
137subunit structure.
An alternative concept of the active site would not necessarily 
involve adjacent alignm ent of two ALA binding sites on separa te  
subunits, b u t rather, the formation of PBG a t a  site w ithin individual 
subun its. Thus differences in opinion exist concerning the na tu re  of 
the active site (requiring half alignm ent on adjacent su b u n its  or 
to tal site w ithin subunits) and the num ber of active sites (four 
versus eight).
The enzyme groups from mamm alian sources responsible for
2 2
ca talysis have no t been identified with any ce rta in ty  w ith the  
exception of the active site lysine (K252 In the hum an  and ra t 
enzymes and K247 in the E. coli enzyme). Photoinactivation studies 
by T sukam a to  et al ®® have also implicated two histid ines. They 
su b se q u e n tly  d em o n stra ted  th e  p resence of two conserved 
histidines a t the likely zinc binding site, one of which appears to be 
involved as a  catalytic g r o u p . A  close study of the gene and cDNA- 
derived p ro te in  sequences reveal several p o ten tia l ca taly tic  
residues in areas of high conservation. The w ealth  of knowledge 
em anating from molecular biology studies suggest th a t  m any of the 
above questions will soon be answered.
Inform ation on the following stages in the b iosynthesis of 
haem , chlorophylls and  corrins is available in com prehensive 
accounts.
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C H A P T E R  T W O
SYNTHESES OF [4-13C1ALA.HC1 AND [1SNJALA.HC1
2.1 Introduction.
The dim érisation of ALA to form PBG by the action of the 
enzyme ALA dehydra tase, is the second com m itted step in the 
haem  m etabolic pathway^ and is also one which has been least 
investigated. As illustra ted  in Scheme 2.1, one molecule of ALA 
forms the P (propionyl) side of PBG with its am ino nitrogen being 
incorporated into the pyrrole ring, and the second molecule of AT.A 
forms the A (acetyl) side of PBG retaining its free am ino group. The 
overall reaction m ust involve a num ber of bond m ak ing and bond 
break ing steps, some of which may be catalysed and some not. The 
cha rac terisa tion  of each of these stages is essential if one is to 
understand the enzyme m echanism  a t the molecular level.
1 COgH ®\  \
2 ^ H 2  C O 2 H  7 ^ H 2  I O C O 2 H
3 CH2 CH2 6 C H 2 9 CH2
\  _  /  ALA dehydratase \  /4 C = 0  + CH2 --------------     3 C ------C4
/  \  2 / /  \5 C H ,  C =  0\  /
NH2 CH2 N i  IICH2\  H /
A 2
P -sld e  A -side
ALA ALA PBG
Scheme 2.1 ALA dehydratase cata lysed  dim érisation  o f ALA to form PBG.
Implicit to the understanding  of the cataly tic events which 
occur a t the active site of ALA dehydratase, is a knowledge of the 
order in which the two molecules of ALA bind to the enzyme prior 
to condensa tion . S teady s ta te  k inetics^ can often provide th is 
inform ation and can also provide evidence for the participation of
3 4
covalent intermediates. In the case of ALA dehydratase, steady sta te 
kinetics cannot be employed, since the two substra te  molecules are 
identical and therefore in kinetic term s canno t be evalua ted 
independently.
An alternative strategy however, is the use of high field NMR 
involving a  single-turnover enzyme approach, in which the two 
su b s tra te  m olecules w hich p a rtic ip a te  in the  reac tion  are 
distinguished from one another by isotopic labelling. Jo rdan  and 
Seehra^ have used this approach, to establish th a t the molecule of 
ALA bound to the enzyme in the form of a  Schiff base is the one 
which becomes the P-side of PBG.
Because of its non-intrusive nature, high resolution NMR has 
long been recognised as a potential probe of the active site 
chem istry of enzyme catalysed reactions. MacKenzie et al ^  predict 
a prom ising future for the use of NMR to study  enzym e- 
substra te  complexes below 50,000 daltons, using cryosolvents to 
prolong the lifetime of enzyme -bound interm ediates. and l^N 
NMR, as probes of enzyme catalysed reactions, suffer from the 
n a tu ra l 1.1% and 0.37% abundances of and i^N respectively. 
The low na tu ral abundances of and i^N therefore dictates the 
synthesis of ALA enriched a t specific sites w ith ca rbon -13 and 
nitrogen-15, for its use in mechanistic studies.
Jaffe et al have recently reported NMR studies of [4-130] 
ALA (90% enriched)® and [5.5-2H, 5-i3c]A L A  (99% enriched)® 
bound to the 280,000 dalton protein, ALA dehydratase, as well as 
13c and 15n NMR studies^ of (3.3-2H, 3-i3C]ALA (99% enriched) 
and [i^NjALA (95% enriched) bound to ALA dehydra tase. These 
studies have elucidated the structu res of enzyme-bound product 
and a Schiff base intermediate.
3 5
ALA.HCl has been synthesised in several ways and some of 
the routes have been used for the preparation of m aterial labelled 
w ith nitrogen-1 5 , ^ tritium  a t positions 2 and 3,^^ carbon-13 a t 
positions 2^® and 5  32,33 carbon-14 a t positions 1,^® 2,^®
^ 1 6 ,2 5 ,2 8 ,3 0  g  1 3 ,1 6 ,1 7 ,3 0  Y h e se  d ifferen t s y n th e t ic  p r o c e d u r e s
are pa rticu la rly  useful when specific labelling a t the various 
positions of ALA is needed.
For various aspects of our study, which will be explained in 
appropriate sections of the text, [I^H ]ALA.HCl (50% enriched) and 
[4-13c ]AIA.HC1 (50% enriched) were synthesised. From a survey of 
the above reported procedures, the m ethod of Neuberger and  
S c o t t^ ^  w a s  selected for the  syn thesis of [15H ]A L A .H C 1 
(50%enriched) and a com bination of the m ethods of Pichat and 
H erbert^®  and Tschudy and Collins^® were adopted for the 
synthesis of [4-i3c]ALA.HCl (50% enriched).
C arbon-13 isotopic enrichm ent at the 4-position of ALA was 
chosen, because from a  1 3 q  nMR perspective, the 4-position has 
several advantages. The carbonyl group at the 4-position of ALA 
becomes the aromatic carbons at Cg and C5 of PBG (Scheme 2.1).
During this transformation, the carbonyl carbon m ust undergo large 
changes in bonding, subsequently leading to large changes in its 
chem ical sh ift during  the course of the reaction . Therefore, 
enzym e-bound su b stra te , possible reaction in term ediates and 
product are anticipated to be readily distinguished from each other 
in the NMR spectrum . Furtherm ore, the enriched carbons of 
b o th  su b s tra te  and product are quaternary carbons, thereby  
eliminating dipolar interactions with directly attached protons as a 
relaxation  m echanism , leading to the prediction of relatively |
n arrow  lines (< 50 Hz).®^’®® This is true even for a totally
3 6
im m obilised carbon bound to th is  large pro tein  of 280 ,000  
daltons.®®
2.2  Experimental.
2.2.1 Materials.
Glycine (BDH), phthalic anhydride, sodium  m etal (Fisons), 
po tass ium  hydroxide pellets, toluene (Fisons, analaR), diazald, 
po tass ium  phthalim ide, succinic anhydride, carbitol, p-cym ene, 
d ie thy lm a lona te , dipentene, 48% hydrobrom ic acid, th ionyl 
chloride (Aldrich), N,N-dimethylformam ide (Lancaster Synthesis), 
absolute ethanol (Hayman, analaR), methylene chloride (Ellis and 
Everard), diethyl ether, glacial acetic acid, petroleum  ether (60- 
80 °C) (Rhone Poulenc Ltd.) ethyl acetate and 37% hydrochloric 
acid (Rhone Poulenc Ltd., analaR) were used as received unless 
otherwise specified.
Molecular sieves Type 3A, 1-2 mm beads, were purchased 
from Lancaster Synthesis and molecular sieves Type 4A, 1/16 inch 
pellets, were purchased from Rhone Poulenc Ltd.
[15jvj]glycine (99% enriched) and  [2 -l3 c ]g ly c in e  (99% 
enriched) were purchased from MSD Isotopes Inc., and used  as 
received.
The deuteriated solvents for NMR were purchased from GOSS 
and used as received.
2 .2 .2  Instrumentation and General Techniques.
A. Melting points.
Routine melting points were determ ined w ith open glass 
capillaries using an Electrotherm al melting point ap p ara tu s and 
were uncorrected.
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B. Elemental Analysis.
Elem ental analyses were perform ed w ith a  C arlo-E rba 
Instrum entazione model 1106 CHN analyser,
C. Mass Spectrometry.
Mass spectra were recorded on a F innigan MAT INCOS 50 
m ass spectrometer. Fragment ions are indicated as m /z  units with 
relative intensities (%) in parentheses.
D. NMR Spectroscopy.
iH NMR spectra were obtained at 300.134 M z on a  Bruker 
AM 300 spectrom eter using 32 K data points. U nless otherwise 
specified, ^H spectra were acquired at room tem perature, using a 
pulse width of 2.5 ps (8.5 |as for a  90° flip angle), a recycle time of
5.2 s and a spectral w idth of 4500 Hz.
13c NMR spectra were obtained at 75.469 M z on a Bruker 
AM 300 spectrom eter using 32 K data points. U nless otherwise 
specified, I3c spectra were acquired at room tem perature, using a 
pulse width of 2.0 \x& (3.9 |is for a 90° flip angle), a  recycle time of
2.3 s and a spectral w idth of 20,000 Hz. All 13q  NMR spectra were 
iH decoupled.
Unless otherwise specified, chemical shifts (Ô) for iH and I3c 
NMR spectra are reported in ppm downfield of TMS (Ô = 0) [or DSS 
(8 = 0 ) in the case of aqueous solutions] as internal standard and 
coupling constants J, are given in Hz.
i^N NMR spectra were obtained at 30.412 M z on a Bruker 
AM 300 spectrom eter using 32 K data points. Unless otherwise 
specified, I3]vj spectra were acquired at room tem perature, using a 
pulse width of 6.5 \is (26 jts for a  90° flip angle), a  recycle time of 
1.7 s and a spectral w idth of 18518.52 Hz. All NMR spectra 
were iH  decoupled and were referenced with respect to external
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nitrom ethane (with 20% CD3 OD to provide the lock signal) se t a t 
Ô 380.23.
E. Drying and purification of solvents.
Commercially available solvents were used w ithout fu rther 
purification unless otherwise indicated.
Dry DMF w as prepared®^ by keeping the  com m ercially 
available solvent in contact w ith molecular sieves Type 4A ( i / ie  inch 
pellets) for 48 hours in a  dark bottle. The solvent was then distilled 
u nder nitrogen a t reduced pressure. Heating was gentle and the 
tem perature kept below 50 °C. The distillate (after discarding the 
first 20 ml), b.p. 48-50 °C/15 mmHg, was stored over m olecular 
sieves Type 4A in a dark bottle.
Diethyl ether was purified®® by shaking 500 ml of it in a  large 
separatory funnel with 5 ml of a solution containing ferrous sulphate 
( 6  g) and concentrated H2 S O 4  (6  ml) in w ater (110 ml). The 
aqueous solution was then removed, the ether w ashed with w ater 
and dried for 24 hours over CaClg (50 g). It was then filtered and 
fu rther dried by allowing it to stand  over sodium  wire in a dark 
bottle for 24 hours. The ether was then heated u nder reflux with 
sodium  wire and distilled, b.p. 35 °C/760 mmHg.
S uper-d ry  e thano l w as prepared  from  th e  com m ercial 
absolute ethanol according to the method of Lund and Bjernum.®® 
M agnesium turnings (5 g), iodine (0.5 g) and commercial absolute 
ethanol (50-75 ml) were placed in a 2 litre round-bottom ed flask 
fitted with a double surface condenser and a  calcium chloride guard 
tube. The reaction mixture was warmed until a vigorous evolution of 
hydrogen set in and the iodine disappeared. Heating was continued 
un til all the m agnesium  was converted into m agnesium  ethoxide.
3 9
Commercial absolute ethanol (1 litre) was then  added and the 
m ix ture refluxed for 30 m inu tes. The condenser was th en  
reassem bled for downward distillation and the ethanol gently 
distilled, b.p. 78 °C /760 mmHg, into a receiver flask containing 
m olecular sieves Type 3A, after discarding the first 20 ml of the 
distillate. The super-dry  ethanol was stored as su ch  w ith the 
receiver flask well stoppered.
Thionyl chloride was purified^^ from im purities of su lphu r 
chlorides and sulphuryl chlorides by the distillation of technical 
th ionyl chloride {250 ml) with dipentene (23 ml). A therm om eter 
was im m ersed to the bottom  of the mixture and the distillation 
stopped when the tem perature of the residual liquid reached 84- 
8 6  °C. The colourless m aterial th u s obtained was then redistilled 
b.p. 76.5 °C/760 mmHg and the distillate stored in a  dark bottle.
Synthetic methanol was stored over molecular sieves Type 3A 
and used as such.
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2.2 .3  Synthesis of ALA.HC1 from phthalic anhydride and glycine.
o
II o  + HgN-CHg-COgH
O
p-cymene
(reflux)
O
phthalicanhydride glycine
CO2H
CHg
(^ 2
c=o
( ^ 2
NH2 .HCI
VIII
N-CH2-C02H
0
1
I
o
SOC12
(reflux)
N-CHo-COCl
O
II
CHgNg
(ethereal solution)
O
N-CH2-CO-CHN2
O
m
AcOH, 
48% HBrEtOH, 7N  HCl (reflux, 8 h)
N-CH^-CO-CHo-CH«-CO„H N-CHo-CO-CHo-Br
VII IV
Na, EtOH in DMF. 
diethyl malonate170 °C 3-4 mmHg
CO2H C02Et48% HBrN-CH9 -CO-CH0 -CH N-CH»-CO-CH»-CH
VI
Scheme 2.2
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2.2 .3 .1  Synthesis of N-phthaloylglycine (I).
O + H2N-CH2 -CO2H
phthalic
anhydride
p-cymene
(reflux) N-CH2-CO2H + HgO
glycine N-phthaloylglycine
N-phthaloylglycine was prepared according to the method of 
O'Neill et al Phthalic anhydride (11,84 g, 0.08 mol) and glycine 
(6  g, 0.08 mol) were suspended in p-cym ene ( 1 0 0  ml) and the 
m ixture refluxed in an apparatus equipped with a D ean-Stark trap. 
W hen approximately 60% of the theoretical am ount of w ater had 
collected, the p-cymene was removed by distillation under reduced 
p ressu re  and the residue crystallised from aqueous ethanol. 
The p roduct was obta ined as white needles (14.0 g, 85.4%), 
after recrystallisation  from aqueous ethanol, m .p. 192-193 °C.
191-192 °C) (Found: C, 58.1: H. 3.1; N, 6.7. C 1 0 H 7 NO4  
requires C, 58.5; H, 3.4; N. 6 .8 %); m /z  205 (M"^ , 2%). 161 (64) 160 
(M+- CO2 H, 100). 147 (1), 133 (9). 119 (13), 104 (17), 77 (20), 76
(19), 6 6  (4), 50 (10), and 28 (30); 5h [(0 0 3 )2 0 =0 ] 4 .44 (2 H, s, 
NCH2 ) and 7.91 (4 H, m, ArH); Sq [(0 0 3 )2 0 =0 ) 39.2, 124.1, 133.0, 
135.4, 168.0 and 169.0.
2 .2 .3  2 Synthesis of N-phthaloylglycylchloride (H).
N-CH2-CO2H
N-phthaloylglycine
SOCI2
(reflux) N-CH2 -COCI
N-phthaloylglycylchloride
4 2
N-phthaloylglycylchloride was prepared according to the 
method of Balenovic et al N-phthaloylglycine (14.0 g, 0,068 mol) 
was refluxed with thionyl chloride (24.0 g, 0.2 mol) during one 
hour. After distillation of the unchanged thionyl chloride w ith 
added dry to luene a t reduced  p ressu re , th e  p ro d u c t w as 
re crystallised from petroleum  ether (b.p. 60-80 °C) (12.05 g, 
79.3%) as pale yellow needles, m.p. 84 °C (lit.,**  ^ 84-85 °C) (Found: 
C, 54.0; H, 2.6; N, 6.2. CioHgClNOa requ ires C, 53.7; H, 2.7; 
N, 6.3%); m /z  225 (M*"+ 2, 3%), 223 (M+, 9), 161 (73), 160 (100), 
147 (2), 133 (31), 104 (72), 77 (67), 76 (77), 6 6  (60), 50 (58), 38 
(25), and 28 (37); Sy (CDCI3 ) 4.83 (2 H, s. NCH^ ), 7.80 (2 H, m, 
ArH) and 7.92 (2 H, m, ArH); (CDCI3 ) 47.6, 124.0, 131.6, 134.7, 
166.6 and 169.1.
2 .2 .3 .3  Synthesis of l-diazo-3-phthalim idopropan-2-one (EEI).
o
N-CH2 -COCI + CHgNg -  —  " ^ [I N-CH2 -CO-CHN2  + HCl
N-phthaloylglycyl- 1 -diazo-3-phthallmldo-
chloride propan-2-one
l-diazo-3-phthalim idopropan-2-one was prepared according 
to the method of Balenovic et al A solution of the recrystallised 
N-phthaloylglycylchloride (12.05 g, 0.054 mol) in anhydrous ether 
(400 ml) was gradually added to an ethereal solution (300 ml) of 
diazom ethane (0.16 mol) (preparation described below) kept in an 
ice-salt m ixture at 0  to -5 °C. Crystals of the diazoketone separated 
a t once. After standing overnight, the crystals were filtered and 
recrystallised from ethyl acetate (10.57 g, 85.5%) as fine white
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needles, m.p. 168 °C (dec.) 168 °C (dec.)] (Found: C, 57.6;
H, 2.6; N, 18.1. C 1 1 H 7 N3 O3  requires C, 57.65; H, 3.1; N. 18.3%); 
m /z  201 (M+- Ng. 33%), 161 (29), 160 (100), 147 (3), 133 (9), 
104 (23), 77 (27), 76 (30), SO (18) and 28 (38); 5h (CDCI3 ) 4 .44 
(2 H, s, NCHs), 5.40 (1 H, s, CHNg), 7.75 (2 H, m, ArH ) and 7.89 
(2 H, m, ArH); Sq (CDCI3 ) 44.2, 53.8, 123.7, 132.0, 134.3, 167.6 
and 186.5.
2.2.3.3.1 Synthesis of diazomethane.
An ethereal solution of diazom ethane, free from ethanol is 
required in the above A rndt-E istert reaction w ith N -phthaloyl­
glycylchloride and was prepared by the m ethod of DeBoer and
Backer. 43
CH.
SO2—N
NO
diazald
CH3
C2H5OCH2CH2OCH2CH2QH
KOH
HgO
SO2OCH2CH2OCH2CH2OC2H5
carbitol
CH2N2
diazomethane
A conical flask w ith a side arm  was fitted with a short length 
of plastic tubing, the other end of which passes below the surface of 
e ther in a  round bottom ed flask which is placed in an  ice-salt
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m ixture. In the conical flask were placed po tass ium  hydroxide 
pellets (15.0 g, 0.27 mol) dissolved in w ater (25 ml), carb itol 
( 8 8  ml), ether (25 ml) and the Teflon coated b ar of a m agnetic 
stirrer. The conical flask was heated in a water b a th  a t 70-75 °C, 
the stirrer started and a solution of diazald (54.0 g, 0.25 mol) in 
ether (315 ml) added a t a  regular rate by m eans of a syringe, 
inserted  into the stopper of the conical flask. As soon as all the 
diazald so lu tion  was added, additional e ther w as sw irled in 
the beaker which contained the diazald solution and added to 
the conical flask, until the distillate was colourless. The ethereal 
so lu tio n  of d iazom ethane w as th en  dried over p o ta ss iu m  
hydroxide pellets for 3 hours, and contains approxim ately 64% 
diazomethane.
2.2  3 .4  Synthesis of l-bromo-3-phthallmidopropan-2-one (IV).
N-CH2-CO-CHN2 + HBr — -N2 N-CHo-CO-CHn-Br
1 -diazo-3~phthalimido- 1 -bromo-3-phthallmldo-
propan-2-one propan-2-one
1 -bromo-3-phthalim idopropan-2-one was prepared according 
to the method of Balenovic and Bregant.^® A suspension of 1-diazo- 
3-phthalim idopropan-2-one (10.57 g, 0.046 mol) in glacial acetic 
acid (57 ml) was treated with 48% HBr (11.5 ml). On stirring the 
reaction mixture, nitrogen evolution took place. After standing for 1 
hour a t room tem perature, the reaction was complete. The m ixture 
was then  diluted with water (450 ml) and the crystals filtered off in 
a Buchner funnel and dried in vacuo over phosphorus pentoxide.
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They were recrystalllsed from toluene (12.28 g, 94.7%) as 
fine white crystals, m.p. 147 °C (lit.,^® 147-148 “C) (Found; C, 46.7; 
H, 2.6; N, 4.95. CuHgBrNOg requires C, 46.85; H, 2.9; N, 5.0%); 
m /z  283 0W++ 2, 2%), 281 (M+, 3). 202 (6 ), 161 (57), 160 (100), 
147 (1 ), 133 (14), 104 (35), 77 (35), 76 (41), 50 (21) and 28 (15); 
5h I(CD3 )2 C=0 ] 4.47 (2 H, s, NCHg ), 4.84 (2 H, s, CHgBr) and 7.91 
(4 H, s, ArH); Sg [(0 0 3 )2 0 =0 ) 33.1, 45.1, 124.1, 133.0, 135.4, 168.0 
and 195.8.
2.2 .3  5 Synthesis of ethyl 2-ethozycarbonyI-5-phthaIiinido- 
levulinate (V).
N-CHo-CO-CHo-Br ------ — ------------------------------N-CHo-CO-CHo-CHCO.E1
 ^ \  nCOgEt ^
l-brom o-3 'phthalim ido- ethyl 2-ethoxycarbonyl-5-propan-2 -one phthalim idolevulinate
Ethyl 2-ethoxycarbonyl-5-phthalimidolevulinate was prepared 
according to the method Tschudy and C o l l i n s . T o  a solution of 
sodium  (1.06 g) in dry ethanol (24.5 ml), was added dry DMF 
(61.5 ml) and die thylmalonate (7.4 ml). After allowing th is to stand 
for 15 m inutes, a solution of l-brom o-3-phthalim idopropan-2-one 
(12.28 g, 0.044 mol) in DMF (160 ml) was added. The tem perature 
gradually rose to above room temperature. The m ixture was allowed 
to stand overnight and then  evaporated to dryness in vacuo . The 
residue was extracted w ith methylene chloride and the sodium  
brom ide filtered  off. The m ethylene chloride ex trac t w as 
evaporated in vacuo and the residual oil crystallised from a very 
large volume of petroleum  ether (b.p. 60-80 °C). The product was
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obtained as fine white crystals (6.24 g, 39.3%), m .p . 84 °C (lit.,*® 
84 °C) (Found: C, 59.8: H, 4.7; N, 3.9. CigH^gNy requires C, 59.8; 
H, 5.3; N, 3.9%); m / z  361 (M+, 0.3%), 316 (15), 270 (5), 242 (7), 
202 (10), 201 (8 8 ), 173 (73), 161 (17), 160 (72), 147 (82), 133 
(6 ), 127 (54), 104 (65), 77 (20). 76 (61), 50 (25) and 28 (100); 
8 h (CDCI3 ) 1.27 (6  H, t, J  7.17, 2 x CHgCHg ), 3.15 (2 H, d, J  7.08, 
CHsCH), 3.91 (1 H, t, J  7.24, CHgCH ) 4.21 (4 H, m , J  7.01, 
2 X CH2 CH3 ), 4.57 (2 H, s, NCHg ), 7.73 (2 H, m , ArH ) and 7.87 
(2 H, m , A rH); Ôq (CDCI3 ) 14.0, 38.5, 46.4, 46.9, 61.9, 123.6, 
132.1, 134.2, 167.4, 168.3 and 199.3.
2 .2 .3  6 Synthesis of 2-caibozy-5-phthalimidolevulinic acid (VI).
480/0 HBrN-CH2-CO-CH2-CH      I I N-CH2-CO-CH2-CH
\ 0 2 Et \o 2 HO O
ethyl 2-ethoxycarbonyl-5- 2-carboxy-5-phthalimldo-phthallm idolevulinate levullnlc acid
2 -ca rb o x y “5 -ph thalim i(io levu lin ic  ac id  w as p re p a re d  
according to the m ethod of Tschudy and C o l l i n s . E t h y l  2- 
ethoxycarbonyl-5-phthalim idolevulinate (6.24 g, 0 .017 mol) was 
suspended  in 48% HBr (62 ml) and allowed to s tan d  a t room 
tem perature overnight. It was then heated on a steam  bath  until all 
the compound dissolved. The solution was allowed to cool and then 
evaporated to dryness in vacuo. The residue was reciystallised from 
water, (3.42 g, 6 6 %) as fine white crystals, m.p. 171 °C (lit.,^^ 171- 
172 °C) (Found: C, 54.7; H, 3.75; N, 4.4. C 1 4 H 1 1 NO 7  requires 
C, 55.1; H, 3.6; N, 4.6%); m /z  305 (M"", 5%), 215 (7). 202 (5), 189 
(23), 161 (100), 160 (98), 133 (25), 117 (43), 104 (38), 103 (19),
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76 (47), 50 (18), 45 (60). 8 ^  [(0 0 3 )2 0 =0 ) 3.29 (2 H, d, J  8.04, 
CHgCH), 3.90 (1 H, t, J  8.04, CHgCH ), 4.70 (2 H, s, NCHg ) and 
7.90 (4 H, s, ArH); 8 ^ [(€0 3 )2 0 =0 ] 39.3, 47.0, 47.1, 124.0, 133.0, 
135.3, 168.1, 170.1 and 201.2.
2.2  3.7  Synthesis of 5-phthalimldolevulinlc acid (vn).
N-CH,-CO-CH,-CH^^ " (Q [^ N -C H ,-C O -C H 2-C H ,-C O ,H
O
2-carboxy-5-phthalimido- 5-phthalimldolevulinlc a d dlevullnlc acld
5-phthalim idolevulinlc acid was prepared according to the 
method of Tschudy and C ollins.2-C arboxy-5-phthalim idolevulin ic 
acid (3.42 g, 0.011 mol) was heated to 170 °C a t a  pressure of 3 to 
4 mmHg until the evolution of gas ceased. The glass-like residue 
was crystallised from boiling w ater (1,78 g, 62.0%) as fine white 
ciystals, m.p. 157-158 °C ( lit ./^  158.5 °C) (Found: C, 59.7; H, 4.2; 
N, 5.3. CgHiiNOg requires C, 59.8; H, 4.2; N, 5.4%); m /z  261 (M+. 
2%), 244 (M+- OH, 3), 216 (M^ "- COgH, 4), 161 (100), 160 (79), 
147 (14), 133 (7), 104 (17), 77 (7), 76 (13), 50 (5) and 28 (32); 
ÔH I(CD3)2C=0] 2.62 (2 H, t, J  6.56, CHgCOgH), 2.93 (2 H, t, 
J  6.56, CH^CHgCOgH), 4.63 (2 H, s, NCH^) and 7.89 (4 H, s, ArH); 
ÔC [(CD3)2C=0] 27.9, 35.1, 47.1, 123.8, 133.1, 135.3, 168.2, 173.7 
and 202.4.
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2.2.3 8 Synthesis of 5-am inolevnlinic acid hydrochloride (Vni).
EtOH,
N-CH2 -CO-CH2 -CH2 -CO2 H ;■ ^  ^  , »■ HC1.H2N-CH2-CG-CH2-CH2-CG2H(reflux, 8  h)
5-phthallm idolevullnlc acid 5-am inolevulinic acid hydrochloride
CGgH
CG2H 
phthalic acid
5-am inolevulinic acid was prepared according to the method 
of Tschudy and C o l l i n s . A  mixture of 5-phthalimidolevulinic acid 
(2.78 g, 0.0068 mol), 95% ethanol (1.8 ml) and 7 N HCl (18 ml) 
were refluxed for 8  hou rs and allowed to cool overnight. The 
phthalic acid was filtered off and the filtrate evaporated to diyness 
in vacuo . The residue was crystallised from a  m ixture of dry ethanol 
and diy  diethyl ether. 5-am inolevulinic acid hydrochloride (0.986 g, 
8 6 .6 %) was obtained as yellow crystals, m.p. 148-150 °C (lit.,^® 
148 °C) (Found: C, 35.75; H, 6.5; N, 8.2. C5 H 1 0 NO3 CI requires 
C, 35.85; H, 6.0; N, 8.4%); m /z  131 (M""-HCl, 0.5%), 114 (7), 101 
(1), 8 6  (2), 73 (1), 57 (3), 55 (10), 45 (19), 44 (12), 38 (8 6 ), 37
(20). 36 (100), 35 (58), 30 (63) and 28 (61); 5h (DgO) 2.74 (2 H, t, 
J  6.32, CHgCOgH), 2.91 (2 H, t, J  6.32, CH^CHgCOgH) and 4.14 
(2 H, s, CH2 NH2 ); ÔC (DgO) 30.1, 37.0, 49.8, 179.4, and 206.7.
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2 .2 .4  Synthesis of ALA.HC1 from m ethyl S-chlorolevulinate and 
potassium phthalimide.
o11
+ CH3CH
IIo
succinic anhydride absolutem ethanol
HO2C-CH2-CH2-CO2CH3
SOCI2
(re f lu x )
CI-CO-CH2-CH2-CO2CH3
II
i) CH2N2
(ethereal solution)
ii) 37% HCl
CI-CH9-CO-CH9-CH9-CO9CH.
Ill
potassium
phthalim ide,
DMFCOoH
CH.
CH.
c=o 7N HCl N-CH9-CO-CH0-CH9-CO9CH.CH. (reflux, 8  h)
NHo.HCl
IV
Scheme 2.3
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2.2.4.1 Synthesis of m ethyl hydrogen succinate (I).
oIIQ\  fTpflll'X')I o + CH3OH -----    HO2C-CH2-CH2-CO2CH3
IIO
succinic absolute methyl hydrogenanhydride m ethanol succinate
Methyl hydrogen succinate was prepared according to the 
m ethod of C a s o n . A  mixture of succinic anhydride (50.0 g, 0.5 
mol) and dry methanol (24.5 ml) was refluxed in a  500 ml round 
bottomed flask on a steam -bath. After 35 m inutes, the mixture was 
stirred vigorously until it became homogeneous. This required 15 
m inutes. The flask was then half immersed in a  steam  bath  for an 
additional 30 m inutes. The excess m ethanol w as removed by 
distillation under reduced pressure (water pump) from a  steam  
b a th . The crude p ro d u c t w as recrystallised  from  to luene- 
cyclohexane (61.0 g, 92.4%) as white crystals, m.p. 57 °C (lit.,^^ 57- 
58 °C) (Found: C, 45.65; H, 6.1. CgHgO^ requires C, 45.45; H, 6.1%); 
m /z  133 (M++ 1, 1%), 132 (M"", 0.7), 114 (62), 101 (92), 100 (64), 
8 8  (36), 73 (69), 59 (71), 55 (82), 45 (100), 31 (31), 29 (100) 
and 28 (83); by (D^O) 2.68 (4 H, s, CH^CHgCOa) and 3.70 (3 H, s, 
CO2 CH3 ); 5c (D2 O) 31.5, 55.1, 178.4 and 179.7.
2.2.4 2 Synthesis of m ethyl 3-chloroformylpropanoate (n).
SOClHO2C-CH2-CH2-CO0CH3 ---------------2------- ^  CI-CO-CH9-CH0-CO0CH0(re flu x ) 2 2 2 3
methyl hydrogen methyl 3 -chloroformyl-succinate propanoate
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Methyl 3-chloroformylpropanoate was prepared according to 
the m ethod of C a s o n . A  m ixture of methyl hydrogen succinate 
(48.3 g, 0.37 mol) and thionyl chloride (53 ml, 0 .73 mol) was 
placed in a 500 ml round-bottomed flask bearing a reflux condenser 
and the solution warmed in a water bath  at 30-40 °C for 3 hours. 
The condenser was replaced by a modified Claisen still head and 
the excess thionyl chloride removed on a steam  bath  under reduced 
p ressu re  (water pump). The crude product was th en  Kugelrohr 
distilled to give methyl 3-chloroformylpropanoate (45.21 g, 81.2%) 
as a  colourless liquid, b.p. 53-65 °C/3 mmHg (lit.,^^ 92-94 °C / 
18 mmHg) (Found: C, 40.4; H, 4.7. C5 H7 CIO3  requires C, 39.9; H, 
4.7%); m /z  119 (M+- OMe, 74%), 115 (M+- Cl, 100), 101 (13), 87 
(32), 63 (35), 59 (84), 55 (92), 45 (31), 36 (100) and 28 (90); Sy 
(CDCI3 ) 2.70 (2 H, t, J  6.52, CHgCOgCHg), 3.24 (2 H, t, J  6 .52 , 
CH2 CH2 CO2 CH3 ) and 3.71 (3 H, s, CO2 CH3 ); Ôq (CDCI3 ) 29.2, 41.9,
52.2, 171.5 and 173.2.
2.2 .4  3 Synthesis of m ethyl 5-chloroIeviilinate (HI).
CI-CO-CH2-CH0-CO0CH3 --------------------------- ^  Cl-CH^-CO-CHo-CHp-CO^CHoÜ) 37% HCl 2 2 2 3
m ethyl 3-chloroformyl- methyl 5-chlorolevulinatepropanoate
Methyl 5-chlorolevulinate was prepared according to the 
m ethod of Neuberger and Scott. To a solution of diazom ethane 
(approxim ately 0.16 mol) in dry ether (300 ml), (prepared in 
exactly the same way and in the same scale as in Section 2.2.3.3.1) 
cooled to 0 to -5 °C in an  ice-salt m ixture w as added w ith 
m echanical stirring, a solution of methyl 3-chloroformylpropanoate 
(10.0 g, 0.066 mol) in dry ether (30 ml), during two hours. The
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m ixture was allowed to warm to room tem perature overnight. An 
equivalent molecular am ount of 37% HCl (5.52 ml, 0.066 mol) was 
gradually added w ith stirring  to the ethereal so lu tion  of the 
diazoketone. This resulted in a  rapid evolution of nitrogen after 
which the solution was practically colourless. The solution was 
concentrated to about 1 0 0  ml in vacuo from a  b a th  a t room 
tem perature. It was then washed with water (3 x 30 ml), to remove 
Cl and the combined w ater washings were extracted with ether 
(6  X 20 ml), since the ketone ester is quite soluble in water. The 
combined ether extracts were dried over anhydrous Na^SO^ and 
the solvent removed under reduced pressure. The residual material 
was Kugelrohr distilled to give methyl 5-chlorolevulinate (4.69 g, 
43.2%) as a  colourless liquid, b.p. 79-80 °C/1 mmHg (lit.,^^ 92- 
94 °C /2-3 mmHg) (Found: C, 46.8; H, 6.35. CgHgClOg requires 
C, 47.1; H, 6.2%); m /z  133 (M+- OMe, 4%), 132 (45), 115 (44), 114 
(77), 104 (6 ), 8 6  (2), 45 (60) and 28 (100); Ôh (CDCI3 ) 2.66 (2 H, t, 
J  6.56, CH2 CO2 CH3 ), 2.90 (2 H, t, J  6.56, CH2 CH2 CO2 CH3 ), 3.68 
(3 H, s, CO2 CH3 ) and 4.19 (2 H, s, CH2CI); 6 ^ (CDCI3 ) 27.8, 34.3,
48.3, 52.0, 172.9 and 201.3.
5 3
2.2 .4 .4  Synthesis of m ethyl 5-phthalimidoIevulinate (IV).
NK
potassiumphthalim ide
CI-CH2-CO-CH2-CH2-CO2CH3
methyl 5-chlorolevulinate
DMF
N-CH2-CO-CH2-CH2-CO2CH3
methyl 5-phthallmldolevulinate
Methyl 5-phthallm idolevullnate was prepared according to 
the m ethod of Neuberger and Scott. P o tass ium  phthalim ide 
(4.0 g, 0.02 mol) was dissolved in anhydrous DMF (20 ml). To this 
was added methyl 5-chlorolevulinate (3.29 g, 0.02 mol) which was 
washed in with DMF (2 ml). The mixture was stirred  for half an 
hour and then  warmed a t 60 °C for an hour. The cooled reaction 
m ixture was filtered to remove KCl and any unreacted potassium  
phthalim ide. Methylene chloride (40 ml) and w ater (120 ml) were 
added to the filtrate. The aqueous phase was decanted and washed 
twice w ith m ethylene chloride (12 ml). The m ethylene chloride 
extracts were washed with 0.2 N NaOH (15 ml) and then  with water 
u n til the w ash ings were colourless. The com bined m ethylene 
chloride ex tracts were dried over anhydrous Na2 S 0 4  and the 
solvent evaporated under reduced pressure. The residual material
5 4
was recrystallised from boiling water (2.87 g, 52.2%) as fine white 
crystals, m.p. 96 °C (llt.,^^ 96-97 °C) (Found: C, 61.3; H, 4.9; N, 5.1. 
C 1 4H 1 3NO5 requires C, 61.1; H, 4.8; N, 5.1%); m /z  275 (M+, 0.3%), 
244 (M'^-OMe, 3), 216 (7), 160 (25), 133 (5), 115 (100), 104 (1 2 ), 
87 (9), 77 (15), 76 (13), 55 (25), 50 (6 ), 32 (18) and 28 (8 6 ); 
5h (CDCI3) 2.67 (2 H, t, J  6.71, CHgCOaCHg), 2.86 (2 H, t, J  6.71, 
CH2CH2CO2CH3) 3.69 (3 H, s, CO2CH3), 4.56 (2 H, s, NCFlg), 7.74 
(2 H, m, ArH) and 7.88 (2 H, m, ArH); 5c (CDCI3) 27.6, 34.5, 46.5 
52.0, 123.6, 132.0, 134.2, 167.6, 172.6 and 200.7.
2.2 .4  5 Synthesis of 5-aminolevulinic acid hydrochloride (V).
7N HClN-CH2-CO-CH2-CH2-CO2CH3 8  hT HCI.H2N -CH 2-C O -C H 2-C H 2-C O 2H
O
m ethyl 5-phthalimldolevulinate 5-am inolevulinic acidhydrochloride
+
'COgH 
phthalic acid
5-am inolevulinic acid hydrochloride was prepared according 
to the m ethod of Neuberger and Scott. Methyl 5-phthalim ido- 
levulinate (2.87 g, 0.01 mol) was refluxed for 8  hours in 7 N HCl 
(30 ml). After the solution was cooled, phthalic acid was removed 
by filtration and the m other liquor concentrated to dryness in  
vacuo, 5-am inolevulinic acid hydrochloride was obtained (1.01 g, 
60.3%) as pale yellow crystals, m.p. 144 °C [lit.,^^ 145 °C (dec.)] 
(Found: C, 35.8; H, 6.2; N, 8.2. CgHigClNOg requires C, 35.85;
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H, 6.0; N, 8.4%); m /z  131 HCl, 0.7%), 114 (2), 101 (2), 8 6
(1 ), 73 (3), 57 (2), 55 (11), 45 (11), 44 (52), 38 (98), 37 (6 8 ), 36 
(100), 35 (92), 30 (31) and 28 (60); 5h (DgO) 2.71 (2 H, t, J  6.33, 
CH2 CO2 H), 2.90 (2 H, t, J  6.33, CH2 CH2 CO2 H) and 4.13 (2 H, s, 
CH2NH2 ); 8 c (D2 O) 30.1, 37.1, 49.8, 179.6 and 206.7.
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2.3 Results and Discussion.
[4-13c ]ALA.HC1 (50% enriched) was prepared following the 
route described in Section 2.2.3, starting with a m ixture of phthalic 
anhydride (20.0 g, 0.135 mol), [2-i3c]glycine (99% enriched) 
(5.0 g, 0.066 mol) and unlabelled glycine (5.0 g, 0.067 mol). The 
yield of product based on glycine was 1.25 g, 5.63%.
[15n ]ALA.HC1 (50% enriched) was prepared following the 
route described in Section 2.2.4 by reacting po tass ium  
phthadimide (99% enriched) (1.0 g, 0.005 mol) and unlabelled 
potass ium  phthalim ide (1.0 g, 0.005 mol) with m ethyl-5-chloro­
levulinate (1.48 g, 0.009 mol). The yield of p roduct based on 
potassium  phthalimide was 1.0 g, 43.7%.
The 13c NMR spectrum  of 0.25 M [4-l3C]ALA.HCl (50% 
enriched), [Fig. 2.1(A)] was obtained in 0.1 M KPi buffer, pH 6 .8 , at 
a  probe tem perature of 37 °C. A DgO capillary in sert was used to 
provide the lock signal and the chemical sh ift reference w as 
external dioxane set a t Ô 67.4. The i^C NMR spectrum  [Fig. 2.1 (A)] 
shows a very strong enhancem ent of the C4  carbonyl resonance a t
204.2 ppm. The chemical shift assignm ents for C j, C2 , C3  and C5 
are 177.7, 28.2, 34.8 and 47.5 ppm respectively. Three additional 
signals are observed a t 5 93.4, 5 153.4 and 5 174.0, the significance 
of which will be explained in Chapter 3. Fig. 2.1(B) is a 4-fold 
vertical expansion of Fig. 2.1(A) between 90 and  175 ppm , 
identifying the resonances at 5 93.4, 5 153.4 and 5 174.0. Fig. 2.1(C) 
is a 3-fold horizontal expansion of Fig. 2.1(A) between 25 and 55 
ppm  showing the n a tu ra l abundance m ethylene carbons Cg, C3  
and C5 .
Since the C4  carbonyl carbon of ALA is 50% enriched in 
50% of the C3 and C5 resonances appear as single paren t signals,
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due to the absence of any coupling with the 50% a t C4 . The
rem a ining 50% of the C3  and C5 resonances appear as satellite
peaks of 25% intensity each, due to coupling with the 50% a t
C4 . (i.e. the satellite peaks are one half the intensity  of the parent
peak). One satellite peak lies at higher field and the other a t lower
field th an  the parent signal, the ir spacing being equal to the one
bond C-C coupling constant =41 . 5  Hz and = 39.1 Hz).
3^4 4^5One bond carbon-carbon coupling constants in hydrocarbons vary
over a wide range depending on the hybridisation of the two carbon
atom s involved. In term s of the 's' character of the two bonding
hybrid orbitals, has been described by the expression,^®
. .  .  I ,
'^ X^Y 1 0 0
Thus, substitu ting  the values for the percentage 's' character 
of the bonding orbitals concerned, the upper limit for the one bond 
carbon-carbon coupling constant between an sp2 and an  sp3 hybrid 
orbital [C4  and C3 or C4  and C5 of [4-i3ciAIA.HCl (50% enriched)] is 
43.8 Hz.
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The IH NMR spectrum  of 0.5 M [4-l3C]ALA.HCl (50% 
enriched) (Fig. 2.2) was obtained in 0.1 M KPi buffer, pH 6.8, a t a  
probe tem perature of 37 °C. A D2 O capillary in sert was used to 
provide the lock signal and the chem ical sh ift reference w as 
external dioxane set a t 5 3.7. The spectrum  was processed using 
resolution enhancem ent.
The chemical sh ift assignm ents for the 2 -CH2 , 3 -CH2 and 
5 -CH2 methylene protons are 2.88, 3.08 and 4.32 ppm respectively. 
The 2 -CH2 m ethylene pro tons are split into a  trip le t due to
coupling with the adjacent 3 -CH2  methylene protons (J = 6.38
2 3Hz) and each peak of th is triplet is accompanied by two satellite 
peaks, one at h igher field and the other a t lower field th an  the 
p a ren t signal, due to a  three bond C-H coupling. The spac ing 
between the satellite peaks is equal to th is three bond C-H coupling
3constant ( J  = 5.01 Hz). The 3-CH„ methylene protons are split 
4^2 ^
into a  triplet due to coupling with tlie adjacent 2-CHg m ethylene
p ro to n s  (J = 6.61 Hz) and  each  peak  of th is  tr ip le t is
3 2accom panied by two satellite peaks, one a t h igher field and the 
other a t lower field th an  the parent signal, due to a two bond C-H 
coupling. The spacing between the satellite peaks is equal to th is 
two bond C-H coupling constant (^J = -5.47 Hz). The 5 -CH2
4^3
methylene protons appear as a  single peak and is accompanied by
two satellite peaks, one at higher field and the other a t lower field
th a n  the parent signal, due to a  two bond C-H coupling. The spacing
between the satellite peaks is equal to th is two bond C-H coupling 
2co n s ta n t ( J  = -4.55 Hz). For the sam e reaso n s explained4"spreviously, the satellite peaks are about one half the intensities of 
the parent peaks.
Typical two bond C-H coupling constants range from -6 Hz to
5 9
-4 Hz.^^ (Signs are m ost probably n e g a t i v e . D e t a i l e d  discussions 
and reference data for two bond C-H coupling constants are given in 
the l i t e r a t u r e . ® T h r e e  bond C-H coupling constants depend in a 
m anner sim ilar to three bond H-H coupling con stan ts  on the 
dihedral angle, (j)."*® (This is the famous Karplus relationship®®’®^  
relating  the  pro ton-proton sp in -sp in  coupling co n stan t in the 
fragm ent H-C-C-H, to the dihedral angle). The K arplus curve®® 
together with some observed values of 57,58 given in the 
literature.
A striking observation with [4-i3C]ALA.HCl (50% enriched) is
3 2th a t J  is not sm aller than  „ in m agnitude. The fact th a t4^ 2 ^4^3
spin-spin  coupling constants do not decrease monotonically with 
the num ber of bonds separating the interacting nuclei has been
PtQreported in the past, although the factors causing such  anomalous 
spin-spin coupling constants are not clear at all.
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Figure 2 .3  300.134 MHz NMR spectrum of 1 M [15nIALA.HC1 (50% enriched) 
In 0.1 M KPI buffer, pH 6.8, at 37 °C. Identifying the -i5NHg+ resonance.
A
^isNc^ = -7.15  Hz
4 8 , 5 0 4 8 . 0 0 4 7 . 5 0PPM 4 7 . 0 0 4 6 . 5 0
Figure 2 .4  ^H decoupled 75.469 MHz NMR spectrum of 1 M [^^N1ALA.HC1 
(50% enriched) in 0.1 M KPI buffer, pH 6.8, at 37 ’’C, identifying the Cg 
resonance.
The iH  NMR spectrum  of 1 M [15n]aLA.HC1 (50% enriched) 
(Fig. 2.3), identifying the resonance of the am ino group, was 
obtained in 0.1 M KPi buffer, pH 6 .8 , at a  probe tem perature of 
37 °C. A DgO capillaiy insert was used to provide the lock signal and 
the chemical shift resonance was external dioxane set a t 6  3.7. The 
resonance of the am ino group appears as 2  satellite peaks one on 
either side of a  broad resonance centred a t 8.07 ppm. The
satellite peaks arise, due to the coupling of the protons of the 
am ino group with The one bond i 5]\j-h  coupling constant, 
= -73.7 Hz.
Because of its small magnetic moment, p, one bond couplings 
to protons which are dominated by the Fermi contact m echanism  
are negative for Also,  ^ J  falls into regions of -75 , 90 and
135 Hz for pyram idal, trigonal and linear bonding to nitrogen 
respectively.®® The one bond coupling constant of -73.7 Hz
for [15n ]a l a .HC1 (50% enriched) necessarily  corresponds to a 
-NHg'*' group (i.e. pyrimidal bonding to nitrogen) suggesting th a t the 
am ino group is protonated under these conditions.
Two bond 15]nj-h  couplings across a sa tu ra ted  carbon, lie
between 0 to 2 Hz and in the case of [i%]ALA.HCl (50% enriched), 
2J  cannot be resolved.
The 13c NMR spectrum  of 1 M [15n]ALA.HC1 (50% enriched) 
(Fig. 2.4) identifying the C5 resonance a t 47.5 ppm accompanied by 
two satellite peaks one at higher field and the other a t lower field 
than  the parent signal, was obtained in 0.1 M KPi buffer, pH 6 .8 , at 
a  probe tem perature of 37 °C. A DgO capillary insert was used to 
provide the lock signal, and the chemical sh ift resonance was 
external dioxane se t a t ô 67.4. The 13C NMR spectrum  (Fig. 2.4) 
processed using  resolution enhancem ent, reveals the  one bond
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15H -c  coupling constant, = -7.15 Hz. For reasons explained
previously, the intensity of the satellite peaks is one half tha t of the 
parent signal.
For most molecules, is negative, as is expected if the
Fermi contact m echanism  dominates the coupling interaction.®® A 
useful guide to the magnitude of ^J is given by the expression,®^
1 _  (% S^)
" 80
Thus, substitu ting the appropriate values for the percentage 
's' character for the two sp^ hybrid orbitals concerned, the upper 
limit for the one bond nitrogen-carbon coupling constant is -7.81 
Hz.
The i^N NMR spectrum  of 1 M [i^NJALA.HCl (50% enriched) 
(Fig. 2.5) was obtained in 0.1 M KPi buffer, pH 6 .8 , at a  probe 
tem perature of 37 °C. A  D2 O capillary insert was used to provide the 
lock signal. The i^N NMR spectrum  (Fig. 2.5), shows a  single peak 
a t 5 23.5 corresponding to the resonance of [15n]alA.HC1
(50% enriched).
Aliphatic am ine hydrochlorides have a  i^N chemical sh ift 
range of 15 to 75 ppm.®^
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C H A P T E R  T H R E E  
THE NON-ENZYMATIC CYCLIC DIMERISATION OF ALA
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3.1 Introduction.
To date, all the proposed reaction m echanism s of the ALA 
dehydratase catalysed dim érisation of ALA to form PBG consider 
only the ketone tautom er of ALA as either substra te . In order to 
understand  fully the enzymatic or physiological behaviour of ALA, it 
is essential to characterise its non-enzymatic aqueous chem istry. 
ALA, a 4-keto-5-am ino acid, can exist in a num ber of forms in 
so lu tion . The question  of the forms of ALA p resen t u n d er 
physiological conditions was first addressed by Michini and Jaffe. ^
NMR studies with [4-i3c]ALA.HCl (50% enriched) suggest 
th a t u n d e r physiological conditions, ALA rapidly  equilib rates 
between the ketone (I), the hydrate a t C4  (II), the C3 -C4  enol (III) 
and the C4 -C5 enol (IV) as illustrated in Scheme 3.1. The latter two 
tau tom ers can each ex ist as two stereo isom ers, E or Z . These 
alternative struc tu res of ALA may be significant in the enzymatic 
synthesis or utilisation of ALA. They may therefore be biologically 
im portant as active site struc tu res for the three enzymes which 
form ALA namely, ALA syn thase,^  g lu ta m a te -1-sem ia ld e h y d e  
transam inase®  and L-alanine : 4,5 -dioxovalerate transam inase^  as 
well as ALA dehydratase,®  wh ich is the sole enzyme for ALA 
utilisation. NMR studies have also elucidated the structu res of the 
condensation products of ALA (V and VI in Schem e 3.1) formed 
under physiological conditions. The alternative forms of ALA or its 
autocondensation products may serve as the active neurotoxin in 
lead poisoning and  in m any neuropath ic  po rphyrias (acute 
in te rm itten t porphyria and plum boporphyria) characterised  by 
elevated ALA levels. A pyrazine, probably a derivative of ALA has 
been reported  in the  u rine of patien ts suffering from acu te  
in term itten t porphyria.^
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The nMR spectrum  of [4-l3c]ALA.HCl (50% enriched) in 
potassium  phosphate (KPi) buffer was used to observe directly the 
equilibrium distribution of the forms of ALA and dem onstrated th a t 
the predom inant species in solution is the ketone. The mole 
fraction of the hydrate is about 0.49%. Although direct observation 
of the enol forms of ALA has not been achieved from the NMR 
spectrum  of [4-i3c]ALA.HCl (50% enriched), enol form ation has 
been indirectly dem onstrated by monitoring hydrogen exchange at 
the C3 and C5 methylene groups of ALA by NMR in D2 O. In the 
past however, extreme conditions of acid or base have been utilised 
to incorporate deuterium  an d /o r tritium  into the C3  or C5 positions 
of ALA through énolisation.®'^®
3.2  Experimental.
3.2.1 Materials.
ALA.HCl, D2 O (99.8%) and GAL-PAG were purchased from 
Sigma Chem ical Company. The GAL-PAC powder was reconstituted 
w ith 3.8 litres of w ater to prepare a 0.1 M KPi buffer solution, 
pH 7.6, which was adjusted to pH 6 . 8  by the addition of 1 M HCl. 
Where required, KPi buffer was lyophilised in 0.5 ml aliquots, 
which were then lyophilised from D2 O (99.8%) and stored dry until 
needed. [4-i3c]ALA.HCl (50% enriched) was prepared as described 
in Section 2.2.3. Celite, 1,4-dioxane, disodium hydrogen phosphate, 
formaldehyde (37 weight % solution in water), m anganese chloride, 
1 0 % palladium  on charcoal, sodium  acetate trihydrate, sodium  
hydrogen carbonate and sodium hydroxide pellets were purchased 
from Aldrich Chemical Company. Glacial acetic acid was purchased 
from Rhone Poulenc Limited and H2 ^ ^ 0  (12% atom) from Yeda 
Isotopes Limited, Israel.
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Sodium acetate-acetic acid buffer, pH 4.6, w as prepared by 
mixing 49 ml of 0.1 M Na0 Ac.3 H2 0  and 51 ml of 0.1 M AcOH.^^ 
Carbonate buffer, pH 10, was prepared by mixing 50 ml of 0.05 M 
Na	COg and 10.7 ml of 0.1 M NaOH and diluting to 100 ml with 
distilled w a t e r .P h o s p h a t e  buffer, pH 11.9, w as prepared b y  
mixing 50 ml of 0.05 M Nag	PO^ and 23 ml of 0.1 M NaOH and 
diluting to 1 0 0  ml with distilled water.
3.2.2 Instrumentation and General Techniques.
^	 and NMR spectra were obtained in exactly the same
way as described in Section 2.2.2 D. Unless otherwise specified, iH 
spectra were referenced with respect to external dioxane set a t 
Ô 3.7 and spectra were referenced with respect to external
dioxane set at 5 67.4.
170 NMR spectra were obtained at 67.798 M	z on a Bruker 
MSL 500 spectrom eter using 16 K data points. 17q spectra were 
acquired unlocked in a 1 0  mm high resolution probe using a pulse 
width of 26 ps (27 ps for a 90° flip angle) a recycle time of 0.41 s 
and a  spectral w idth of 100,000 Hz. They were referenced with 
respect to w ater as an  internal standard, set at ô 0  and were iH 
decoupled.
U nless otherwise specified, all spectra were acqu ired a t a  
probe tem perature of 37 °C.
The Griffin digital pH m eter used for all pH m easurem ents 
was checked aga inst a  known standard before each m easurem ent 
and pH values were all recorded at 25 °C.
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3.3 Results and Discussion.
3.3.1 13c NMR of I4-13C1ALA.HC1 (50% enriched).
The 13c NMR spectrum  of 0.25 M 14-13C]ALA.HC1 (50% 
enriched) in 0.1 M KPi buffer. pH 6 . 8  (Fig. 2.2), reveals eight 
signals when processed with a 2 
z exponential line broadening 
function. The spectrum  was acquired using a DgO capillary Insert to 
provide the lock signal. The signals are of sim ilar line width and 
were therefore approxim ately quantified by peak integrals. The 
chem ical shift assignm ents of the predom inant ketone isomer are 
listed in  Table 3.1 and an explanation for the observed splitting 
patterns of the C3 and C5 resonances has been made in Chapter 2. 
Three additional resonances are observed a t 5 174.0, 153.4 and 
93.4 respectively, at 0.10, 0.23 and 0.49% the intensity  of the C4  
carbonyl resonance. The signal a t ô 93,4 is assigned to the C4  
carbon atom of the hydrate (II) (Scheme 3.1), on the basis of the 
13c chemical sh ifts for hydrates which appear in the region, 85- 
100 ppm^^ and on the basis of i^O NMR studies described below. 
The signals a t ô 174.0 and 153.4 are assigned to the C^.Cg carbon 
atom s of the dihydropyrazine (V) and pyrazine (VI) p roducts 
respectively (Scheme 3.1), formed by the d im érisation of two 
molecules of ALA. I3c NMR studies of the condensation products of 
ALA described below formed the basis of the latter assignm ents. 
The C4  carbon atom of II and the Cg.Cg carbon atoms of V and VI 
are all derived from the isotopically enriched C4  carbon atom of ALA 
and are therefore enriched in I3c to the extent of 50%. As a result, 
they are readily detected in the 13C NMR spectrum  of [4-13C] 
ALA.HCl (50% enriched) even w hen p resen t in su ch  a sm all 
am ounts in solution (0.06%-0.5%).
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Table 3 .1  13C* '^ and NMR chemical shifts of I, II, III and IV
(Scheme 3.1).
Compound Carbon Chemicalshift^^) Proton Chemical shift^^^
Cl 177.7
C2 28.2 2 -CH2 2.70 (t), J= 6 .3 8  Hz
I C3 34.8 3 -CH2 2.90 (t), J= 6 .3 8  Hz
C4 204.2 5 -CH2 4.14 (s)
C5 47.5
2 -CH2 2.56 (t), J= 7 .7 4  Hz
II C4 93.4 3 -CH2 2.06 (t), J= 7 .7 4  Hz
5 -CH2 3.10 (s)
3,6-CH2 4.11 (s)
V C2 ,Cs 174.0 7,10-CH2 2.49 (t), J  =6.38 Hz
8,11-CH2 2.63 (t), J  =6.38 Hz
3,6-CH 8.48 (s)
VI C2 ,C5 153.4 7,10-CH2 2.78 (t), J= 6 .3 8  Hz
8,11-CH2 3.11 (t), J= 6 .3 8  Hz
(a) 13c NMR chemical sh ifts were obtained with 0.25 M [4-i3c] 
ALA.HC1 (50% enriched) in 0.1 M KPi buffer, pH 6.8, a t 37 °C, using 
a  D2 O capillaiy insert.
(b) iH  NMR chemical sh ifts were obtained with 1 M ALA.HCl in 
lyophilised 0.1 M KPi buffer, pH 6.8 (99.8% D2 O), a t 37 °C.
(c) In ppm, with reference to external dioxane set at ô 67.4.
(d) In ppm, with reference to external dioxane set a t 8 3.7.
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3.3.2 NMR to probe the structures of the minor forms of ALA.
The iH NMR spectrum  of a 1 M solution of unlabelled ALA.HCl 
in 0.1 M lyophilised KPi buffer, pH 6 . 8  (99.8%, D2 O) (Fig 3.1), 
con ta ins three m ajor peaks (Table 3.1), corresponding to the 
ketone form (I) (Scheme 3.1) of ALA; a singlet a t 4.14 ppm from 
the C5 methylene and two triplets at 2.90 and 2.70 ppm  from the 
C3  and C2 methylenes respectively. A further three sets of peaks 
(Table 3.1) each contain a singlet and two trip lets shown to be 
coupled by homonuclear decoupling.
The m ethylene protons of the hydrate form (II) of ALA 
(Scheme 3.1) are expected to exhibit a  se t of ^ NMR signals 
upheld from the corresponding ketone methylene groups. The a- 
m ethylene protons of the hydrate are predicted to be 0.7-0.9 ppm 
upheld  from those of the ketone isomer, and the |3-m e th y le n e  
protons are expected to be 0.14-0.20 ppm upheld from the parent 
signal. One set of resonances of almost equal intensity fall w ithin 
th is prediction; there is a  singlet 1.04 ppm upheld from the C5 
methylene signal, a triplet 0.84 ppm upheld from the C3  methylene 
signal and a second triplet 0.14 ppm upheld from the C2  methylene 
signal of the ketone form of ALA (indicated by * in Fig. 3.1). The 
two triplets are shown to be coupled by hom onuclear decoupling. 
On the bas is of this spectrum , 0.4% is the mole fraction of the 
hydrate  form of ALA in aqueous solution, calculated from the 
intensities of the C2 methylene protons of the ketone and hydrate 
forms of ALA.
The singlet a t 4.11 ppm  and the two sp in -sp in  coupled 
triplets a t 2.63 and 2.49 ppm are assigned to the 0 3 ,0 5 , 0 7 , 0 1 0  
and Og.Oii methylene protons respectively of the dihydropyrazine 
(V) (Scheme 3.1) (indicated by ° in Fig. 3.1). The singlet at 4.11
7 3
ppm which lies masked by the C5 resonance of the ketone form of 
ALA a t 4.14 ppm, can only be observed by applying a G aussian 
m ultiplication function on tlie free induction decay. This optimises 
resolution enhancem ent of the spectrum . The singlet a t 8.48 ppm 
and the two spin-spin coupled triplets a t 3.11 and 2.78 ppm are 
assigned to the C^,Cq methine and C7 ,C io an d  C g .C n  m ethylene 
protons respectively of the pyrazine (VI) (Scheme 3.1) (indicated 
by • in Fig. 3.1). An exam ination of the intensities of the C2 protons 
of the ketone isomer and the C g,C n methylene protons of V and VI 
suggests th a t the upper limit for the mole fractions of V and VI in 
aqueous solution are 0.64% and 0.69% respectively.
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3.3.3 Oxygen Exchange at C4 of ALA to probe the existence of the 
C4 hydrate.
Supporting evidence for the formation and breakdown of the 
hydrate of ALA was dem onstrated by monitoring oxygen exchange at 
Oxygen exchange was followed by incorporation from 
into [4-13c]ALA.HC1 (90% enriched) by NMR. The 
chem ical sh ift change expected when i^O replaces in an 
aldehyde or ketone is 0.045-0.050 ppm u p h e l d . W h e n  [4-i3C] 
ALA.HCl (90% enriched) was dissolved in 0.1 M KPi buffer, pH 6 .8 , 
50% H2 ®^0 , the incorporation of l^ o  into C4  was complete in less 
than  20 m inutes a t room tem perature ( t i / 2  < 5 min), dem onstrating 
the facile formation and breakdown of the C4  hydrate. The observed 
isotope shift was -0.046 ppm (3.5 Hz) at 37 °C.
We have further supplem ented evidence for the formation 
and breakdown of the hydrate of ALA, by monitoring I'^O exchange 
at C4  of ALA by NMR spectroscopy not hitherto reported. The 
1*^0 spectra of a  large num ber of liquid organic com pounds have 
been studied by Christ et a l  Their data provide the basis for the 
systém atisation of the chemical shifts. They showed th a t the 
1^0 resonances of neat aldehydes and ketones fall in the range 530 
to 595 ppm relative to H2 ^ ’' 0  as an external s tandard  at 0 ppm, 
while the resonances of the hydroxyl group of alcohols fall near 
the w ater line (-37 to +70 ppm). In aqueous solutions of carbonyl 
com pounds, known to be hydrated, an resonance due to the 
pem -diol grouping should appear and is expected to fall in the 
range of the shift, characteristic  of the hydroxylic oxygen.
Greenzaid et al were able to detect signals in this range due to
hydrated species of a num ber of carbonyl compounds. This group of 
w orkers have also found the l^O  NMR chem ical sh ifts of the
75
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Figure 3 .2  iR decoupled 67,798 MHz NMR spectra of 1 M ALA.HC1 at 37 °C, 
(A) in ordinary HgO and (B) in H2^^0 (4% atom).
carbonyl oxygen and to a lesser extent those of the g em -d io \  
grouping to shift to high field upon dilution.
The 1^0 NMR spectra of 1 M ALA.HCl in ordinary water and 
in (4 % atom) [Fig. 3.2 (A) and Fig. 3.2 (B) respectively], were
acquired after equilibrating the respective solutions of ALA.HC1 in a 
therm ostat a t 37 °C for 10 m inutes. The NMR spectrum  of 1 M 
ALA.HC1 in ordinary water reveals only the natural abundance H2 ^ ^ 0  
resonance a t ô 0, The NMR spectrum of 1 M ALA.HCl in Hg^^O 
(4% atom) however, reveals in addition to the Hg^^O resonance a t 
Ô 0, the 1^0 carbonyl resonance of ALA at Ô 521.8 and a resonance 
a t 6 252.1. The la tter resonance is within the range characteristic 
of the carboxyl group and is therefore ascribed to the carboxyl 
group of ALA. This resonance, unlike the ketone resonance of ALA, 
w as not observed im m ediately after a few scans, b u t ra th e r 
increases w ith time, owing to the slow exchange of the carboxyl 
group. The rapid proton exchange in carboxylic acids between
R—C and R—c
^O —H
leads to only one, time averaged NMR signal.
The signal due to the gem-dio\ oxygens of the hydrate form of 
ALA could not be detected, probably because of its low intensity and 
proximity to the strong w ater line. This was the case even with 
H g i^o  (12% atom), and water suppression with 0.1 M m anganese 
ch lo ride . G reenza id  e t a l ^ ^  have reported th a t  acetone and 
monochloroacetone which exist over 99% in the unhydrated form 
exhibit only a single resonance due to the carbonyl oxygen a t 
Ô 523.0 and Ô 528.0 respectively. No signal due to the gem -dio l 
oxygens of the hydrate forms could be seen. However, the very fact
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th a t the carbonyl oxygen of ALA shows up in the spectrum  of 
ALA.HCl dissolved in H ^i^o  (4% atom) suggests th a t there is an 
isotope exchange reaction between ALA and the solvent H2 ^^0 , via  
the fifem-diol or hydrate form (II) (Scheme 3.1) of ALA.
The m echanism  of oxygen exchange a t C4 of ALA is probably 
through hydration and dehydration as illustrated in Scheme 3.2.
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3 .3 .4  Deuterium exchange to probe the existence of the enol 
tautomers of ALA.
ALA.HCl (10 iLimol) was dissolved with one aliquot of 0.1 M 
lyophilised KPi buffer, pH 6 .8 , in 0,5 ml D2 O (99.8%). The time of 
ALA d isso lu tion  w as defined as zero and th e  sam ple w as 
immediately placed in a 5 mm NMR tube and inserted into the 
NMR probe which had been equilibrated at 37 °C. Spectra (Fig. 3.3} 
were acquired at appropriate time intervals to monitor the loss of 
p ro tons a t C3  and C5 and were processed u sin g  reso lu tion  
enhancem ent.
The spectra (Fig. 3.3) reveal th a t a t C5 , C2  is a  singlet a t 
4,14 ppm and CHD is an isotope shifted 1:1:1 triplet a t 4.12 ppm, 
J  h d  = 2.62 Hz. For C3 , which is coupled to the methylene protons at 
C 2 , the protons from the CH2 species exhibit a  1 :2 : 1  triplet line 
shape at 2.90 ppm, J  hh = 6.38 Hz; CHD is a 1:2:1 triplet of 1:1:1 
triplets, which is difficult to decipher. Isotope exchange at C3  can 
also be monitored by the s tructu re  of the signals from the C2 
protons. When adjacent to CH2  the C2 proton signal is a 1:2:1 triplet 
a t 2.705 ppm, = 6.38 Hz. When adjacent to CHD, the C2  proton 
signal is an isotope shifted doublet at 2.70 ppm, J  hh = 6.38 Hz, and 
th e  signal is slightly broadened  by unresolved coupling to 
deuterium  atoms. When adjacent to CD2 , the C2  proton signal is a 
singlet at 2.69 ppm, substantially broadened by unresolved coupling 
to the deuterium  atoms.
Thus the protons a t C3 and C5 of ALA are labile to deuterium  
exchange through énolisation. The evolution from CH2  to CD2  can 
be monitored by ^H NMR as total proton loss and by analysis of peak 
multiplicity.
Jaffe and Rajagopalan^'^ have calculated the exchange rates of
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protons a t C3 and C5 of ALA under a variety of conditions. The most 
rapid exchange was observed at pH 6 . 8  in 0.1 M KPi buffer with the 
half-times for proton exchange at C3 and C5 being approximately 2 
and 0.5 hours respectively. When the pH was lowered to 6.3, 50 
mM KPi buffer, the half times for proton exchange a t C3  and C5 
were found to increase to 6.9 and 0.9 hours respectively. In all the 
zw itterionic buffers tested at 0.1 M, pH 6 .8 , (BES, HEPES, PIPES, 
MOPS and TES), proton exchange on ALA was substantially slower 
than  in KPI.
Jaffe and Rajagopalan^^ have also found 5-chlorolevulinic acid 
and levulinic acid to undergo deuterium  exchange a t C3  and C5 
which can be monitored by l H NMR. They found the half time for 
deuteration at C5 of 5-chlorolevulinic acid to be alm ost identical to 
th a t for ALA and exchange of the C3  protons to be about three times 
slower (in 0.1 M KPi buffer, pH 6 .8 , 37 °C). The half-tim es for 
d eu te ra tio n  of levulinic acid, w hich does no t con ta in  a  C5  
su b stitu en t were calculated to be two orders of m agnitude slower 
th an  for ALA, about 12 and 29 days for C3  and C5 respectively (in 
0.1 M KPi buffer, pH 6 .8 , 37 °C). Thus both the am ino group of ALA 
and the chloro group of 5-chlorolevulinic acid significantly enhance 
the énolisation rates of both C3 and C5 .
In order to explain why this reaction is 12 fold slower for ALA 
in TES th an  in KPi buffer, Jaffe and Rajagopalan^'^ have suggested 
th a t the phosphate  buffer may act as a  general base th rough 
e lec tro sta tic  catalysis [Fig. 3.4(A)] and enhance the ra te  of 
énolisation a t C3  of ALA. In the case of 5-chlorolevulinic acid, the 
absence of such electrostatic catalysis at C3 may account for the 
slower énolisation rate a t C3 relative to ALA. At C5 , the phosphate 
buffer may still act as a  general base abstracting a  proton as shown
7 9
in Fig. 3.4(B), b u t the rate of énolisation at C5 is alm ost the same for 
ALA and 5-chlorolevulinic acid probably because of high kinetic 
acidities of the protons a t C5 .
CO2
H CHgX , 0=0
CHa 0 %
Nt—
Figure 3.4 Potential mechanism for KPi buffer catalysis of proton 
exchange (A) at C3 and (B) at C5 of ALA
In TES buffer, the sulphonate group is too weak a base to 
ab strac t protons and the am ino group is the only other general 
base. It has been previously o b s e r v e d t h a t  proton exchange rates 
for am inoketones are enhanced approximately ten-fold by anionic 
bases such as carboxylate anion compared to neutral bases such as 
pyridine. This effect has been attributed to electrostatic catalysis by 
the oppositely charged buffer acting as the general base.
Simple ketones exhibit isomers analogous to I, II, III and IV 
a t a  ratio of about 105:200:1:1.^® For ALA, the mole fraction of the 
hydrate is comparable to the value expected. The mole fractions of 
the enol forms of ALA maybe as low as 0.001% as in the case of 
simple ketones.
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3.3.5 Condensation Products of ALA.
The dim érisation of ALA to form a  heterocyclic product can
proceed via  th ree different rou tes (Scheme 3.3). Enzym atic
catalysis drives the reaction exclusively through route A. However,
w hen the chemical dim érisation of ALA was studied, conflicting
resu lts were reported. Scott^® reported tha t anaerobic treatm ent of
ALA with aqueous alkali at 18 °C, gave PBG in 3% yield, after several 
20days. Scott et al were unable to substantiate th a t claim and found 
th a t the only product formed in over 70% yield was pseudo-PBG. 
The form ation of pseudo-PBG differs from th a t  of PBG by 
proceeding via the Z  -form (b) of the interm ediary Schiff-base and 
not via the E -form (a) as for PBG (Scheme 3.3). Scott et at also 
reported th a t ALA was converted into PBG in 10% yield in the 
presence of Amberlite IR-45 after a  20 day incubation.
Granick and Mauzerall^^ found that a t pH 6 .8-8.0 and 40 °C, 
the dihydropyrazine was formed in 10% yield. This azom ethine 
reaction is known for other a-am inoketones.
The formation of PBG by the enzyme ALA dehydratase, as well 
as the formation of pseudo-PBG in the chemical dim érisation of 
ALA, involve a  Knorr type condensation. The difference between the 
two reactions lies in the mode of addition of the second molecule of 
ALA to the carbonyl carbon of the first molecule of ALA. In the 
form ation of PBG, C3  of the second molecule of ALA adds to the 
carbonyl carbon of the first molecule of ALA, w hereas in the 
formation of pseudo-PBG, C5 of the second molecule of ALA adds to 
the carbonyl carbon of the  first molecule of ALA. T hus the 
difference with the enzymatic reaction lies in the lower acidity of 
the C3  methylene protons compared with tha t of the C5 methylene 
protons of ALA, which then has to be increased by the enzyme. The
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greater acidity of the C5 methylene protons of ALA was established 
In Section 3.3.4, where It was shown tha t they exchange about four 
tim es faster th an  the C3 methylene protons In 0.1 M KPI buffer, 
pH 6 . 8  (99.8% D2 O), by NMR spectroscopy (Scheme 3.4).
1 coi 
2 CHa
3 CHg DgO
4 C=0 P° /5 CHz
NH3+
COg COg\ \CHg CH2/ /CHg CDa\  ------c=o c=o/ /CDg CDg\  . \  ^NH3+ NH3+
= 30 min“ h /2  = 2  h lA
Scheme 3.4
The chemical dim érisation of ALA was investigated under a 
variety of pHs and it was found th a t only in strongly alkaline 
solution were two condensation products formed. This has been 
discussed in some detail in the following sections of the chapter.
8 2
3.3.5.1 Condensation of ALA in acetate, carbonate and phosphate 
buffers.
The condensation of ALA in acetate buffer, pH 4.6, carbonate 
buffer, pH 9.7 and phosphate buffer, pH 11.6, was investigated. In 
each case, ALA (0.25 mmol) was refluxed in 1 ml of the buffer for 6  
hours. The solvent was then evaporated, DgO (99.8%) added, and 
the  reaction m ixture analysed by NMR spectroscopy. The only 
condensation product formed in each of the above buffers was 2 ,5 - 
b is (2-carboxyethyl)pyrazine (Scheme 3.5).
9 CO2"
1 COg"\ 7 CHg
yF 2 acetate buffer, pH 4.6carbonate buffer, pH 9.7 J p  Nphosphate buffer, pH 11.6 ^ ' Z  v ®\  —-----    PH PH4  C = 0  (reflux, 6  h) \  /
/  N = = C5 CHg 4 5 \
\  10 CHgNHg /
11 CH2
12 COg
ALA 2,5 -bis(2 - carb oxyethyl) pyrazine
Scheme 3.5
With acetate, carbonate and phosphate buffers respectively 
there was approximately 95, 15 and 20% conversion of ALA to the 
pyrazine product. Thus the cyclic dimérisation of ALA a t moderate 
pH gives exclusively a pyrazine product, in a reaction favoured by 
acid. The proposed m echanism  for th is reaction is illu strated  
in Scheme 3.6. Although the am ino group of ALA is substantially 
protonated in acetate buffer, pH 4.6, its pKa is such  (8.9) th a t there 
will always be some of the free base. Nevertheless, the reaction is
8 3
favoured by acid because of the need to protonate the carbonyl 
group. Protonation will clearly increase the positive character of the 
carbonyl carbon atom and thereby facilitate nucleophilic attack  
upon it.
COg
CHg
CHg
0=0/%
NHg
NHg
CHg
0=0\ CHg
%
OOg“
H+
HO= 0
0 =OH
co ;
CHg
%
slow HO- 0 ------- NHg(in 2 steps) /  \
CHg CHg
HgN-------O -O H
PHg
CHz
OOJ
B
co;
CHg
Œg
%OH OH\  /  N= 0  \ CHg
CHg
OOg
2 ,5-bis{2-carboxyethyl) - pyrazine
[OI
COg
CHg
Œg
0 = N  /  \CHg CHg
N = C \ CHg
CHg
COg
2.5-bis(2-carboxyethyI)-3.6- dihydropyrazine
qo ;
CHg
Œ g
H O -C  NH-2 HoO /  \ ------—  CHg CHg
HN C -O H\^ H g
CHg
COg
where B is the conjugate base of the buffer under consideration.
Scheme 3.6
No intermediates were detected when the condensation of 
[4-13C]ALA.HC1 {50% enriched) (0.25 mmol), in acetate buffer,
8 4
pH 4.6, was probed by NMR spectroscopy, at 40 °C. This resu lt 
supports the above m echanism  (Scheme 3.6), which involves rapid 
pre-equilibrium  proton transfer to the carbonyl oxygens of ALA 
followed by slow nucleophilic attack  of the am ino group of one 
molecule of ALA onto the carbonyl carbon of the second molecule of 
ALA
The and ^H NMR chemical shifts of ALA and 2 ,5-bis(2- 
carboxyethyl)pyrazine in each of the above buffers are listed in 
Table 3.2.
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9 0 0 2
8 OHg
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Scheme 3.7
3.3.5 2 The anaerobic condensation of ALA in 5 M NaOH.
A deaerated solution of 5 M NaOH (0.5 ml) was added to a 
deaerated sample of ALA.HCl (0.25 mmol) under a stream  of argon 
(using a  vacuum  line). The reaction mixture w as well stirred  a t 
70 °C in a w ater bath  for 4 hours and then transferred into an 
evacuated 5 mm NMR tube under argon. It was found th a t th is 
led to the quantitative conversion of ALA into a  m ixture of two 
condensation  products. The m ajor and m inor p roducts of the 
reaction, formed in a ratio of 2 : 1  were identified to be 2 ,5 -bis(2 - 
carboxyethyl)-3 ,6 -dihydropyrazine and pseudo-PBG respectively 
(Scheme 3.7), on the basis of their and ^H NMR chemical shifts 
(Table 3.3). The and ^H NMR spectra of the reaction m ixture 
are shown in Fig. 3.5 and 3.6 respectively. The spectra  were 
acqu ired a t a  probe tem perature of 21 °C, using a DgO capillary 
insert and were referenced with respect to internal DBS (set at 5 0
for the 1^0 and ^H NMR spectra).
22Franck and S tratm ann had previously incorrectly identified 
the minor product of this reaction to be PBG, on the basis of the 
positive Ehrlich te s t they obta ined with th is  com pound. The 
Ehrlich te st is one in which a coloured condensation product, E, 
is produced by the condensation of an a-unsubstitu ted  pyrrole, P, 
w ith p-N ,N -dim ethylam inobenzaldehyde (DMAB) in  aq u eo u s 
su lp h u ric  or perch lo ric  acids^® (Scheme 3.8). T reibs and
24H errm an produced a systematic study of the Ehrlich reaction and 
showed th a t the coloured salt E can further react w ith another 
molecule of P to form a  colourless dipyrrylphenylm ethane, M 
(Scheme 3.8). The above workers^^ have also shown that, contrary 
to w hat had been thought, a free a-position in the pyrrole is not 
obligatory for the form ation of a coloured product. Electron-
8 7
donating (alkyl) substltu ten ts, a free a-position in the pyrrole and 
also excess of the aldehyde reagent favour the reaction, w hereas 
electronegative su b stitu en ts  or excess of the pyrrole h inder it. 
These and other aspects of the reaction have been discussed^®”^ ® in 
relation  to the specificity and sensitivity of the Ehrlich colour 
reaction.
H H
DMAB
H H H H
P E
HgC CHg
M
Scheme 3.8
Pseudo-PBG, like PBG has a  free a-position and would also 
give a  positive Ehrlich test. However, the two com pounds can be 
readily differentiated from the ir iH  NMR spectrum . As seen in 
Schem e 3.3, pseudo-PBG has two pa irs of adjacent m ethylene 
g roups w hich would appear as four trip le ts in its iH  NMR 
spectrum . PBG on the other hand has 2 methylene groups adjacent 
to each other, each of which would appear as a  triplet and two non- 
adjacent methylene groups each of which would appear as a  singlet 
in its ^H NMR spectrum . The former was w hat was observed in 
the case of the m inor product formed as a result of the anaerobic 
condensation of ALA in 5 M NaOH. It was therefore unam biguously
8 8
identified as pseudo-PBG.
When the reaction mixture was exposed to air, there was slow 
and irreversible oxidation of 2,5-bis(2-carboxyethyl)-3,6-dihydro- 
pyrazine to 2 ,5-bis(2-carboxyethyl)pyrazine (Scheme 3.7). The 
and chemical shifts of the pyrazine product are listed in Table 
3.4.
The 13c NMR assignm ents of 2,5-bis(2-carboxyethyl)-3,6- 
dihydropyrazine, pseudo-PBG and 2,5-bis(2-carboxyethyl)pyrazine 
were confirmed by repeating the reaction using [4-l3c]ALA.HCl 
(2 0 % enriched) (0.25 mmol) and exposing the reaction mixture to 
air. In the case of the dihydropyrazine, the C2 ,Cs resonance appears 
largely enhanced a t 175.2 ppm, since these carbons are 20% 
enriched in i^ c . The Cs.Cg and 0 7 ,0 iq methylene resonances a t
53.0 ppm and 35.77 ppm respectively each has satellite peaks on 
either side of the parent signal and one eighth the intensity of the 
la tte r ( J  = 36.6 z; J  = 47.7 z). The resonances at 35.712^ 3 2^ 7
and 183.7 ppm were assigned to the O s.O n and 0 g,0 i 2 carb o n s 
respectively, their in tensities being greater th an  the rem a ining 
methylene and carboxyl resonances in the spectrum.
In the case of pseudo-PBG, two resonances, one at 117.3 ppm 
(^J = 6.43 Hz) and the other a t 120.4 ppm (^J = 6.43 Hz),2^ 4 2^ 4appear largely enhanced suggesting that these are resonances from
carbons O4  and O2  which are 20% enriched in However, these
two resonances cannot be unambiguously assigned. The resonances
a t 114.3 and 125.1 ppm are assigned to the C5 and C3 carbons
respectively (V _  _ = 56.1 Hz; = 82.1 Hz and = 58.8 Hz^2^3 ^3^4or vise versa). The resonances a t 23.1 and 23.8 ppm  each have 
satellite peaks on either side of the parent signal and about one 
eighth the in tensity  of the latter. These therefore correspond to
8 9
0=iC
CHz
%
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fast /  \C2 Cg
N C—CH\
CHg
COf
slow-2 H2 0
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Œ 2
C =/CHg
N=
■-N\ CH2
=C\ CH2
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CH2 NHg
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CH2
OH2 NH2
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/  \  n0 = 0
pseudo-PBG II
Scheme 3.9
the Cg and Cg resonances although they cannot be unam b iguously 
assigned. The resonance at 23.1 ppm has satellite peaks which He
46.1 Hz apart and the resonance at 23.8 ppm has satellite peaks 
which lie 48.3 Hz apart. Resonances a t 39.8 ppm  and 40.3 ppm 
correspond to the methylene carbons C7 and Cio or vice versa and 
the resonances a t 184.6 and 185.2 ppm correspond to Cg and O n  
or vice versa.
In the case of the pyrazlne which Is formed by the slow
irreversible oxidation of the dihydropyrazine, the € 2 , 0 5  resonance
appears enhanced a t 156.3 ppm, since these carbons are 20%
enriched in The resonances at 145.3 (V _  = 57.2 z) and
2 3183.8 ppm were unam b iguously assigned to the Cg.Cg and C9 ,C i2
carbons respectively. Satellite peaks were observed on either side
of the parent signal a t 33.2 ppm, confirming this to be the Cy.Cio
resonance (^J = 48.9 Hz). The Cg,C n methylene carbons have a
2 7chem ical shift of 39.0 ppm.
The iH  resonances of the dihydropyrazine, pseudo-PBG and 
pyrazlne were assigned after performing a correlation on
the partially oxidised reaction mixture.
It th u s  appears th a t the chemical dimérisation of ALA strongly 
favours its  azom ethine condensation to form 2,5-bis(2-carboxy- 
ethyl)-3,6 -dihydropyrazine in comparison to pyrrole ring closure to 
form pseudo-PBG. The mechanism  of the reaction in 5 M NaOH to 
give the dihydropyrazine is illustrated in Scheme 3.9. The reaction 
in 5 M NaOH to give pseudo-PBG probably involves the C5 carbanion 
(Scheme 3.9) and it is reasonable to assum e th a t the ease of 
carbanion  form ation (C3  or C5 ) will parallel the readiness with 
which the enol is formed (i.e. C5 is more acidic th an  C3 ). This 
explains why the formation of pseudo-PBG is always favoured over
9 0
th a t of PBG in the chemical dimérisation of ALA. In view of the ease 
of carbanion formation to give a  strong nucleophile the formation of 
the dihydropyrazine is surprising.
When the condensation of [4-i3c]ALA.HCl (50% enriched) 
(0.1 mmol) in 5 M NaOH was probed by NMR spectroscopy 
(after the reaction mixture had been heated a t 70 °C for one hour), 
th ree  resonances in addition to those of the  p roducts  were 
observed a t 74.5, 82.2 and 83.4 ppm. The former resonance was 
approxim ately twice the in ten sity  of the la tte r  two. These 
resonances lie in a region characteristic of sp^ ra th er than  sp 2  
hybridised carbons. Since carb inolam ines invariably occur as 
interm ediates in non-enzymic interconversions between carbonyl 
com pounds and im ines^^’^ ® it is reasonable to assign these three 
additional resonances to the carb inolam ine carbon atom s of 
interm ediates I and II (Scheme 3.9), formed in the course of the 
reaction. The carbinolam ine carbon atoms of I and II are derived 
from the isotopically enriched C4 carbon atom of ALA and are 
therefore also enriched in to the extent of 20%. As a result 
they are readily detected in the NMR sp ec tru m  of the
reaction mixture. The resonance at 74.5 ppm corresponds to the 
carb inolam ine carbon atoms of I, since it is tvdce the in tensity
of the  o ther two resonances. The resonances a t 82.2  ppm
2 2[ J  = 4.9 Hz) and 83.4 ppm ( J  = 4.9 Hz) correspond to the
2 4  ^2%
carb inolam ine carbon atom s of 11, a lthough they  canno t be 
unambiguously assigned.
Since intermediates 1 and II (Scheme 3.9) accum ulate to such 
a  level th a t they can be detected by m R spectroscopy, the 
slow step of each reaction m ust be the dehydration of I and II to 
form the corresponding products.
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Scheme 3.10
3.3 .5  3 The anaerobic condensation of ALA with N,N-dimethyl-5- 
aminolevulinic acid in 5 M NaOH.
In an attem pt to exam ine the possibility of favouring pyrrole 
ring closure in the chemical dimérisation of ALA, by protecting the 
am ino group of one of the ALA m olecules, N ,N -dim ethyl-5- 
am inolevulinic acid hydrochloride (N,N-dimethyl-ALA.HCl) was 
synthesised as described in Section 3.3.5.4.
To a well stirred deaerated solution of N,N-dimethyl-ALA.HCl 
(0.25 mmol) in 5 M NaOH (0.5 ml), m a inta ined a t 70 °C in a 
w ater bath , was added dropwise, a deaerated solution of ALA.HCl 
(0.25 mmol in 0 . 2  ml of water) under a stream  of argon (using a 
vacuum  line). After the addition was complete, the reaction mixture 
was left stirring a t 70 °C for 6  hours and then transferred into a 
deaerated 5 mm NMR tube under argon.
It was found th a t ALA was quantitatively converted into a 
m ixture of three condensation products in a ratio of 1:2:5. The 
products of the reaction were identified to be N,N-dimethylpseudo- 
PBG, 2 ,5 -bis(2-carboxyethyl)-3,6 -dihydropyrazine and pseudo-PBG 
respectively (Scheme 3.10), on the basis of their and iH NMR 
chemical shifts (Table 3.5). The N,N-dimethyl-ALA rem ained largely 
unreacted not as the hydrochloride, bu t as the free base. This was 
ev ident from the upheld shift of all its signals in the NMR 
spectrum  of the reaction mixture compared with the shifts of the 
hydrochloride. The spectra were acquired a t a  probe tem perature 
of 21 °C using a  D2 O capillary insert and were referenced w ith 
respect to internal DSS (set a t Ô 0). Thus, protection of the am ino 
group of one molecule of ALA, favours the form ation of pyrrole, 
th ree tim es over th a t of the dihydropyrazine, in the chem ical 
dimérisation of ALA under strongly alkaline conditions.
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3.3 5.4 Synthesis of N,N-dimethyl-ALA.HCl.
In view of the earlier success with the reductive alkylation of 
am ino a c i d s , i t  seemed advisable to test the generality of this 
technique with ALA.HCL
HO2C-CH2-CH2-CO-CH2-NH2.HCI H02C-CH2-CH2-C0-CH2-N(C% .HCI
charcoal
ALA.HCl N,N-dimethyl-ALA.HCl
Méthylation was carried out by stirring a  solution of ALA. HCI 
(0.08375 g, 0.5 mmol) in water (100 ml), containing formaldehyde 
(0.6 g, 0.02 mmol), with 10% palladised charcoal (0.8375 g) in 
an atm osphere of hydrogen a t ordinary pressure and tem perature 
u n til slightly more th a n  the theoretical am oun t of hydrogen 
(260 cc) had been adsorbed. This required about 15 hours. The 
m ixture was then heated to boiling and filtered over Celite. The 
filtrate was evaporated under reduced pressure and im purities of 
paraformaldehyde removed by reevaporation with water. The crude 
N,N“dimethyl-ALA.HCI w as crystallised from acetone-e ther as 
yellowish-brown crystals (0.69 g, 70.6%), m.p. 202-204 °C (Found: 
C, 43.3; H, 7.2; N, 7.2; Calculated for C7 H 14NO3 CI: C, 43.0; H, 7.2; 
N, 7.2%); m /z  159 (M+- HCI, 1%) 142 (1), 84 (2), 59 (97). 58 
(100), 45 (8 ), 44 (16), 42 (20), 37 (16), 36 (27) and 28 (30); 
5h (DjO/DSS) 2.72 (2 H, t, J  5.93, CHgCOgH), 2.87 (2 H, t, J  6.09, 
CH2 CH2 CO2 H), 2.93 (6  H, s, N(CHa)2  ), 4.40 (2 , s, C2 N(CH3 )2 ) 
and 7.17 (1 H, t, 52.2, Sc ( D2 O/DSS) 30.1,
37.2, 46.5, 66.9, 179.2 and 205.5.
9 9
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C H A P T E R  F O U R
THE KNORR AND FISCHER-FINK CONDENSATIONS OF 
ALA AND 5-METHYL-ALA
4.1 Introduction.
In 1886, Knorr^ reported the preparation of 2,4-diethoxy- 
3,5-dim ethylpyrrole (often called Knorr's pyrrole), by a z inc-dust 
red u ctio n  in acetic acid, of an  equim olar m ix ture of ethyl 
a-ox im inoacetoacetate and ethyl acetoacetate (Scheme 4.1). The 
equim olar m ixture of ethyl a-ox im inoace toaceta te  and  ethyl 
acetoacetate was prepared by dropwise treatm ent of an acetic acid 
solution of ethyl acetoacetate w ith a half equ ivalent of aqueous 
sodium  nitrite.
(1)
EtOgC
CHa
c=o
/CH
H
aq. NaNOg 
CH3CO2H
EtOgC
CH3
c=o
/
%
2 Z n
4 CH3CO2H
NOH EtOgC
CH3
c=o
/CH
NHr
ethyl acetoacetate ethyl a-ox im ino­
acetoacetate
ethyl a-am ino- 
acetoacetate
(2 )
EtOgC
CH3
c=o
/CH
NHr
COgEt
CH2
c=o
CHg
CH3 C0 2 H
(reflux)
CHg
EtOgC
COgEt
C
CHg
ethyl a-am ino- 
acetoacetate
ethyl acetoacetate Knorr's pyrrole
Scheme 4.1
Since then, the condensation of an a-am inoketone w ith a 
carbonyl compound having a  reactive methylene group alpha  to the 
carbonyl group has been referred to as the Knorr synthesis.^ The 
la tte r  h as  been widely exploited, particu larly  to p repare the 
necessary building blocks for the synthesis of tetrapyrroles. The 
utility of the reaction is limited by the tendency of a-am inoketones
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/CH
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%
CHc
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C^3
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/CH
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CH3
/-C H
\
O
CHr
Zn/CH3C0 2 H
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0= C  CHg
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CH3 H3COC
3-acetyl-2,4-dimethyl- 5-ethoxycarbonylpyrrole
2 ,4-dimethyl- 5-ethoxy- carbonylpyrrole
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Scheme 4.2
tow ard se lf-condensation . If the  m ethylene ketone is no t 
sufficiently reactive, the am inoketone will condense to form a 
pyrazlne instead of a pyrrole. This condensation proceeds so readily 
th a t a-am inoketones are in general not capable of independent 
existence bu t m ust be isolated as hydrochlorides.
Many of the early examples of the Knorr synthesis have been 
discussed in the monograph by Fischer and Orth.® Corwin^ has 
exam ined the limitations on the method and found th a t the yield of 
pyrrole is low un less there is a resonance stab ilizing electron 
withdraw ing substituen t a t the a-carbon of the carbonyl compound 
(e.g. COR, CO2R, CN, aryl).
A num ber of very useful variations of the Knorr synthesis have 
been discovered since. Zanetti and Levi® found th a t pentane-2,4- 
dione reacted w ith ethyl a-ox im inoacetoacetate  in  the  Knorr 
fash ion to give the expected Knorr product, 3-acetyl-2,4-dimethyl- 
5-ethoxycarbonylpyrrole (Scheme 4.2). Fifty years later, F ischer and 
Fink® isolated a very m inor by-product, 2,4-dim ethyl-5-ethoxy- 
carbonylpyrrole, which had  arisen from an alternative mode of 
cyclisation of the interm ediate Schiffs base, I (Scheme 4.2). The 
alternative reaction pathway is frequently referred to as a modified 
Knorr condensation or the Fischer-Fink synthesis.®'^ This pathway 
is significant only when the carbonyl com pound in the Knorr 
condensation is a p-diketone, since, in addition to the norm al ring 
closure to give the Knorr product, the alternative condensation 
through the acyl group can lead to the formation of the Fischer- 
F ink p roduct (Scheme 4.2). The preferential form ation of 2,4- 
dim ethyl-5-ethoxycarbonylpyrrole com pared w ith 2-acetyl-3 ,5- 
dim ethylpyrrole (Scheme 4.2) in the F ischer-F ink  syn thesis, 
reflects the greater ease of nucleophilic attack on the acetyl group
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compared with the ester group.
K leinspehn®  deduced th a t th is alternative mode could be 
forced to occur by the substitu tion of diethyl oximinomalonate for 
ethyl a-ox im inoacetoacetate and indeed 2,4-dim ethyl-5-ethoxy- 
carbonylpyrrole was obtained in 60% yield (Scheme 4.3).
EtOgC
EtOgC
\ (/ ,C =  NOH
diethyl oximinomalonate
C3
c = o/Cg
0=0/CH3
pentane -2,4-dione
Zn/CHgCOgH
CHg
0 =  C------CHg
EtOgCs. \:CH ^c .
EtOgC N CH3
CH3
HO— C- 
EtOgC^ /
EtOgC^ \ N
-CHg
CHc
%
EtOgC-^ ^CHgH
2,4-dimethyl-5-ethoxycarbonylpyrrole 
Scheme 4.3
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Via  an  identical m echanism , various 3-alkylpentane-2 ,4- 
diones (R = Et, CH2 CH2 CO2 H) were found to give excellent yields of 
3-alkyl-2,4-dimethyl-5-ethoxycarbonylpyrroles (Scheme 4.4).
EtOgC \
EtOgC /
C=NOH
diethyl oximinomalonate
CH3
c=o/CHR\ c=o/CH3
3-alkylpentane-2,4-dlone
Zn/CHgCOgH
%
0 = C  CHR
EtOaC-^
EtOgC
EtOgC
%
HO— C- /
"N
"CH,
-CH R\
^C ,
CH3 
/
EtOgC*
R/
Cg
3-alkyl-2,4-dim ethyl-5- 
ethoxycarbonylpyrrole
Scheme 4.4
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Shortly thereafter Johnson et al found th a t ethyl a-ox im ino­
acetoacetate reacted under Knorr conditions w ith 3-alkylpentane-
2 ,4-diones (R = CHg, CH2 CH2 C0 2 Et) to give sim ilar products as
were obta ined  from diethyl oxim inom alonate i.e. 3-alkyl-2,4- 
dimethyl-5-ethoxycarbonylpyrroles (Scheme 4.5).
EtOgC
CHg
c=o/
NOH
ethyl a-oximinoacetoacetate
CH3
/CHR\ c=o/CHg
3-alkylpentane-2,4-dlone
Zn/CHgCOgH
C^3
0 = C  CHR
H3C0 C ^  \
EtOaC^ Cc
%
HO— C CHR
H3 COC.
EtOgC'
/  \
N^  CH,
CH3  
/
EtOgC
R/C
\
Cc
3 - alky 1-2,4 - dimethyl-5- 
eth oxy carb onylpy rrole
Scheme 4.5
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It was shown by the use of other a-oximinoketoacetates® and 
by isotopic labelling^® th a t the p-methyl su b stitu en t was derived 
exclusively from the pentanedione moiety.
Jo h n so n 's  procedure affords som ewhat lower yields th an  
Kleinspehn's b u t has twin advantages of the more facile nitrosation 
of acetoacetates, com pared w ith m alonates, and  the  ab ility to 
introduce useful a-substituents such as tertiaiy butyl esters,® benzyl 
e s t e r s o r  N,N-dialkylamides^®'^® by the substitu tion of tert-butyl 
or benzyl acetoacetates or N,N-dialkyl acetoacetam ides for ethyl 
acetoacetate.
K leinspehn's and Jo h n so n ’s syntheses have been tried with 
unsym m etrical p-diketones and p-ketoaldehydes w ith  various 
re su lts . In K leinspehn 's procedure, w hereas m e so -a lk y la te d  
unsym m etrical p-diketones (e.g. 3 ,5 -d isubstitu ted  pen tane-2 ,4 - 
diones) show considerable selectivity toward Schiffs base formation 
a t the less h indered carbonyl, thereby affording the  5 -m ethyl- 
pyrrole isom er preferentially, this is not the case w ith meso- 
u n su b s titu te d  unsym m etrical p-d iketones. H exane-2 ,4 -d ione 
favoured the formation of the 5-ethylpyrrole isomer®^ a t least 2 : 1  
over the 5-methylpyrrole. Ethyl 4,6-dioxoheptanoate^^ also gave a 
m ixture of both  possible isom ers. In Joh n so n 's  procedure, the 
reaction of tert-butyl a-ox im inoacetoacetate w ith 3-m ethyl- and 
3 -ethylhexane-2 ,4-dione resulted in low yields of pyrrole, with the 
5-m ethylpyrrole isom er dom inant b u t con tam inated  w ith  the 
3 -m ethyl isom er to the ex ten t of 30-40%.®® A lthough ethyl 
a-ox im inoacetoacetate and diethyl oxim inom alonate afford the 
sam e pyrroles upon reductive condensation with 3-alkylpentane-
2,4-diones (Schemes 4,4 and 4.5), this is not necessarily the case 
w ith unsym m etrical p-diketones. Anomalous resu lts  were found
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w ith  2 -m ethy l-3 -oxobu tanal. W ith diethyl oxim inom alonate , 
K le inspehn®  ob ta in ed  3 ,4 -d im ethy l-2 -e thoxycarbony lpy rro le  
[Scheme 4.6(A)] w ith condensation  tak ing  place betw een the 
reduced oxime and the formyl group of 2-m ethyl-3-oxobutanal. 
ﬀowever, w ith ethyl a-oximinoacetoacetate Falk et al have shown 
th a t condensation m ay occur between the reduced  oxime and 
e ith er carbonyl group. Exam ination of the reac tion  of ethyl 
a-oxim inoketoacetates w ith a series of 2 -substitu ted 3-oxobutanals 
has also shown th a t condensation may occur between the reduced 
oxime and either carbonyl g ro u p .H o w e v e r, condensation with the 
formyl group leads only to 5 (-10%), the Fischer-Fink product, to 
the exclusion of 6 , the Knorr product [Scheme 4.6 (B)j. On the 
o ther hand, condensation with the acetyl group resu lts  in the 
preferential formation of 7, the Fischer-Fink product (-30%) with 
lesser am ounts of 8 , the Knorr product (-5%)^^ [Scheme 4.6(C)].
T hus, as seen in  Schem e 4.6(A), the  u se  of diethyl 
oxim inom alonate effectively elim inates the possib ility  of the  
formation of the Knorr product and the procedure has been used in 
the  syn thesis  of a w ide range of alkyl and  aryl su b s titu te d  
2 -ethoxycarbonylpyrroles.®’
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It h as  also been reported th a t ethyl oxalylacetone condenses 
w ith a-am inoacetone a t two s ites to give e ither 3-acetyl-2- 
ethoxycarbonyI-4-methylpyrrole (2), the norm al Knorr product, or
2-acetyl-3-ethoxycarbonyl-5-m ethylpyrrole (4), the  F ischer-F ink  
product^® (Scheme 4.7). The relative yields of the products depend 
upon the pH of the reaction medium.®® Under alkaline conditions, 
condensation initially occurs a t the oxalyl carbonyl group to give 1 
and subsequently 2, whilst at pH 6 , the acetyl group is sufficiently 
activated to give 3, leading to the Fischer-Fink product, 4 (Scheme 
4.7).
CHg
CHg C - O  CHg C=0
0 = 0  CHg 
/  \
CHa
c=o/CHg
NHr
a-am ino- ethyl oxalyl-
c=o
H
COgEtacetone acetone \  COgEt
\  CH\   ^ // \\HaCOC-C% c^  ^
CHg H3COC CHg
H
Scheme 4.7
The m echanism  of the Knorr reaction has been inferred by 
the isolation of the enam ine (or am inocrotonic ester) 3, (R  ^ = H, 
r 2 = 3-chloro-2-nitrophenyl, R^ = COgEt and R^ = CHg) when the
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37reaction was buffered a t pH 4.0 (Scheme 4.8). The enam ine 3,
which in equilibrium with its tautom eric form 4, is believed to be
an interm ediate in the formation of pyrrole 6 ®^  (Scheme 4.8).
R ix'
/CH
c= o
NHr
R3/CHg
\ c=o
R2\o=c 
- /
R3/CH
\
NH
3
*R4
R2\0=0
-  /
N
R3/^
2
R4
r 2 \  /  c— c
R3
R1/ N'H
6
■R^
r 2 
HO—0-
R . A
R2/-CH\
S ch em e 4 .8
Molecular orbital calculations using the AMI m ethod indicate 
th a t although the imine 4, is more stable than the enam ine 3, when 
= H, for = CHO, the resonance stabilized imine is the more
stable. 38
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4 .2  Experimental.
4 .2.1 Materials.
Butan-2-one, boron trifluoride-dlacetic acid complex (BTDA),
3-m ethylbutan-2-one (BDH), acetic anhydride, Drierite, N-ethyl- 
urea, hexane-2,4-dione, 1 ,1 ,1 ,5 ,5 ,5-hexafluoropentane-2,4-dione, 
potassium  phthalimide, sodium hydrogen carbonate, sodium nitrite, 
sodium  sulphate (anhydrous), sodium hydroxide pellets, succinic 
anhydride, thionyl chloride, p-toluenesulphonic acid m onohydrate 
(Aldrich), cupric acetate, ethyl acetoacetate, pentane-2 ,4-d ione, 
potassium  hydroxide pellets (AR), sodium acetate trihydrate (AR), 
(F isons), m ethy lene  ch loride (Ellis and  E verard), 1 ,1 ,1- 
trifluoropentane-2,4-dione (Koch-Light Ltd.), absolute m ethanol, 
diethyl ether, glacial acetic acid, 37% hydrochloric acid, sulphuric 
acid (98% w/w), (Rhone Poulenc Ltd., analaR) and ALA.HC1 (Sigma 
Chem ical Company) were used  as received u n le ss  otherw ise 
specified. Molecular sieves Tÿpe 3A, 1-2 mm beads were purchased 
from L ancaster Synthesis. D euteriated solvents for NMR were 
purchased from GOSS and used as received.
[4-13C1ALA.HC1 and  [I^ H ja l a .HCI were sy n th esised  as 
described in Sections 2.2 .3  and 2 .2 .4  respectively. 5-m ethyl- 
ALA.HCl, 3 ,3-dim ethylpentane-2,4-dione and 3-m ethylpentane-2,4- 
dione were synthesised as described in Sections 4.2.5, 4.2.4 and
4.2.3 respectively.
4 .2 .2  Instrumentation and General Techniques.
Routine melting points, elemental analyses, m ass spectra, ^ﬁ, 
i^C  and NMR were obta ined in exactly the sam e way as 
described in  Section 2.2.2. Synthetic m ethanol was stored over 
molecular sieves Tÿpe 3A, and used as such.
I l l
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\ c=o/CH3
BF<
HoC— C
_CH3 BF2—F
^ C 0 CH3
HqC-
Œ 3
c=o/•CH\ 0=0/CH3
keto isomer
HoC-
CH3
nc= o/CH3 
e n d  isomer
CH3C02Na
(reflux) HoC-
3-methylpentane-2,4-dione
Scheme 4.9
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Figure 4.1 Structure of bis(3 -methylacetylacetonato)copper (II) chelate.
4.2 .3  Synthesis of 3-niethyipentane-2,4-dione.
3-m ethylpentane-2,4-dione was prepared according to the 
method of Mao et a i  To a  stirred solution of butan-2-one (28.8 g, 
0.4 mol) and acetic anhydride (81.6 g, 0.8 mol) was added boron 
trifluoride-dlacetic acid complex (BTDA) (150.2 g, 0.8 mol). After 
stirring overnight, the mixture was added to an aqueous solution of 
sodium  acetate trihydrate [217.6 g, 1.6 mol, in  w ater (1200 ml)] 
and refluxed for 3 hours (Scheme 4.9). The m ixture was cooled, 
extracted w ith m ethylene chloride (3 x 400 ml) and the extracts 
combined. The extracts were washed free of acid with a sa tu ra ted  
solution of sodium bicarbonate and dried over Drierite. The solution 
w as filtered and the solvent removed under reduced p ressu re . 
The residual oil th u s  obtained was distilled and the fraction, b.p. 
170-171 “C /7 6 0  mmHg (lit.,'*® 170-172 “0 /7 6 0  inmHg) collected 
(29.45 g, 65%). The crude 3-m ethylpentane-2,4-dione containing 
trace im purities of unreacted b u tan -2 -one and pen tane-2 ,4-dione 
(formed by the  self condensation  of acetic anhydride"*^) was 
purified according to the  m ethod of O sborne^^ th ro u g h  the  
form ation of its  copper (II) salt, b is(3-m ethylacetylacetonato) - 
copper II chelate (Fig. 4.1).
The crude 3-m ethylpentane-2,4-dione (17.08 g, 0.15 mol) 
w as dissolved in metheinol (18 ml) and a hot filtered solution of 
copper acetate (45.4 g, 0.25 mol) in w ater (400 ml) added. The 
precipitated copper sa lt was dried and recrystallised several tim es 
from m ethanol to give the complex bis(3-m ethylacetylacetonato) - 
copper II chelate (Fig. 4.1) as greyish green plates, m.p. 208-230 °C 
(dec.), lit.,"*^ m.p. 200-230 °C (dec.). The purified salt was shaken 
w ith d ilu te su lphu ric  acid (300 ml), extracted w ith m ethylene 
chloride and dried over Drierite. Removal of the  solvent under
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reduced p ressu re  left pure 3-m ethylpentane-2,4-dlone (7.81 g, 
45.7% ) as a  yellow liquid; m /z  114 (M^, 3%), 99 (9), 85 (11), 71 
(3), 57 (4), 43 (100), 27 (8 ). 18 (46), 17 (26) and 15 (26); ôy 
(CDCI3 ) 1.33 (1.675 H, d, J  7.71, central Me keto), 1.85 (1.325 ﬂ,
s, central Me enol), 2.12 (2.74 H, s, terminal Me enol), 2.20 (3.26 
H, s, term inal Me keto), 3.70 (0.54 ﬂ, q, J  7.07, Cﬂ keto) and 
16.42 (0.46 H, s, OH enol); Ôq (CDCI3 ) 12.6, 12.6, 23.4, 28.7, 61.8,
104.9, 190.5 and 205.2.
4.2 .4  Synthesis of 3,3-dim ethylpentane-2,4-dione.
3 ,3-dim ethylpentane-2,4-dione was also prepared according 
to the method of Mao et al To a stirred solution of 3-m ethyl- 
butan-2-one (34.45 g, 0.4 mol), acetic anhydride (81.6 g, 0.8 mol) 
and p-toluenesulphonic acid m onohydrate (3.8 g, 0.02 mol) was 
added BTDA (150.2 g, 0.8 mol). After stirring  overnight, the 
m ixture w as added to an aqueous solution of sodium  acetate 
trihydrate [217.6 g, 1.6 mol, in water (1200 ml)] and refluxed for 3 
hours. The m ixture was cooled, extracted with methylene chloride 
(3 X 400 ml) and the extracts combined. The extracts were washed 
free of acid with a  satu rated  solution of sodium  bicarbonate and 
dried over Drierite. The solution was filtered and the solvent 
evaporated under reduced pressure. The residual oil was then twice 
distilled and the fraction, b.p. 170-174 °C /760 mmHg (lit.,44 b.p. 
172-174 °C /760 mmHg) collected (23.0 g, 45%); m /z  128 (M"** 
2%), 8 6  (59), 71 (70), 59 (5), 43 (100) and 28 (80); 5h (CDCI3 ) 
1.35 (6  H, s, C(CH3 )2 ) and 2.15 (6  H, s, 2 x COCH3  ); 5 c(CDCl3 )
21.2, 26.1, 62.4 and 207.7.
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4.2 .5  Synthesis of 5-methyl-ALA.HCl.
The route adopted for the synthesis of 5-m ethyl-5-am ino- 
levulinic acid hydrochloride (5-methyl-ALA.HCl) (V) (Scheme 4.10) 
was tha t of Lartillot and Baron.
oII
oHoC. CIIo
/
succinicanhydride
CH3 OH
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(reflux) HO2C-CH2-CH2-CO2CH3
SOCI2
(reflux)
CI-CO-CH2-CH2-CO2CH3
II
1) CH3CHN2 
(ethereal solution)
ÇH3
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CI-CH-CO-CH2 -CH2 -CO2 CH3
III
CO2H
CHg
%
c=o/H3 C-CH
NH2.HC1
7N  HCl
(reflux, 8 h)
potassium
phthalim ide,
DMF
ÇH3
N-CH-CO-CH2 -CH2 -CO2CH3
Scheme 4.10
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4.2 .5 .1  Synthesis of m ethyl hydrogen succinate (I).
Methyl hydrogen succinate was prepared in exactly the same 
way and in the same scale as described in Section 2.2,4.1 and will 
therefore not be repeated here.
4.2.5 2 Synthesis of m ethyl 3-chIoroformyIpropanoate (n).
Methyl 3-chloroformylpropanoate was prepared in exactly the 
same way eind in the same scale as described in Section 2.2.4.2 and 
will therefore not be repeated here.
4.2 .5  3 Synthesis of m ethyl 5-chloro-5-methyUevulinate (HI).
PT -Ti) CHoCHN^ I ^CI-CO-CH2-CH2-CO2CH3 -----^ -§ 4 o 'hC1---- "  CI-CH-CO-CH2-CH2 -CO2 CH3
methyl 3-chloroformyl- methyl 5-chloro-5-methyl-propanoate levullnate
Methyl 5 -chloro -5-methyllevulinate was prepared according 
to the method of Lartillot and Baron.'*® To a solution of diazoethane 
in dry ether (500 ml) (preparation described below), cooled to 0 to 
-5 °C in an ice-salt m ixture was added dropwise w ith m echanical 
stirring , a  solution of m ethyl 3-chloroform ylpropanoate (7.3 g, 
0.049 mol) in ether (22 ml). When the addition was complete, the 
orange colour of the diazoethane solution was perm anently replaced 
by the yellow colour of the diazoketone. The m ixture w as then left 
standing at room tem perature overnight.
An equivalent am ount of 37% HCl (4.17 ml) was gradually 
added with stirring to the ethereal solution of the diazoketone. 
This resu lted  in a  rapid evolution of nitrogen, after wh ich the 
so lution was practically colourless. The ethereal so lu tion  w as 
w ashed three times with w ater to remove ﬃCl and the combined
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aqueous fractions were then  washed six times with small am ounts 
of ether. The combined ether extracts were dried over anhydrous 
N a2 S 0 4  and the solvent removed under reduced pressure. The 
residual m aterial was Kugelrohr distilled to give m ethyl 5-chloro-5- 
m ethyllevulinate (3.85 g, 40%) as a  yellow liquid, b.p. 64 °C /0.2 
mmHg (lit.,'*® b.p. 64 °C /0.2 mmHg) (Found: C, 46.8, H, 6.35, 
C7 H 1 1 CIO3  requires C, 47.1; H, 6.2%); m /z  147 (M+- OMe, 45%), 
115 (70), 91 (8 ), 87 (45), 63 (38), 73 (7), 59 (63), 56 (38), 55 
(73) and 28 (100); 5h (CDCI3 ) 1.64 (3 H, d, J  6.84, CHCH3 ), 2 .64 
(2  H, t, J  6.84, CH2CO2 CH3 ), 2.65 (2  H, t, J  6.84, COCH^ ), 3.68 
(3 H, s, CO2 CH3 ) and 4.43 (1 H, q, J  6.84, CHCH3 ); 6 ^ (CDCI3 )
20.2, 28.0, 33.2, 51.9, 58.6, 172.9 and 204.0.
4 .2 .5 .3 .1  Synthesis of diazoethane from N-nitroso-N-ethyl urea.
The synthesis of N-nitroso-N-ethyl u rea and its subsequent 
trea tm en t w ith 70% KOH to form diazoethane were carried out 
according to the method of Wemer. 4 7
HO H HO NOI I AcOH I IHN = C -N -C H 2CH3 + NaNOg ----------^  HN = C—N -C H 2CH3 + HgO + AcONa
N-ethylurea N-nitroso-N-ethylurea
70% KOH
CH3CHN2 + KOCN + 2H2O 
diazoethane
N-ethyl u rea  (63.3 g, 0,719 mol) and NaNOg (49.6 g, 0.719 
mol) were dissolved in  w ater (430 ml) conta ined in  a 1 litre 
volumetric flask immersed in melting ice. A cold solution of glacial 
acetic acid (43.2 g, 0.719 mol) in w ater (160 ml) w as gradually
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added, the liquid being well stirred. The reaction m ixture w as left 
standing for 24 hours and the pale buff-yellow crystals of N-nitroso- 
N-ethyl u rea  were filtered and dried to a constan t weight in a 
vacuum  desiccator. The total yield of product was 40.13 g, 47.7%, 
m.p. 1 0 2  “C Olt.,*'^ 103-104 °C).
A conical flask w ith a side arm  was fitted with a  short length 
of plastic tubing, the other end of which passes below the surface of 
ether in a round bottomed flask, placed in an ice-salt m ixture. In 
the conical flask are placed dry ether (170 ml), 70% aqueous KOH 
( 6 8  ml) and the Teflon coated bar of a  magnetic stirrer. The conical 
flask was placed on melting ice, the stirrer started and a solution of 
N-nitroso-N-ethyl u rea  (40.13 g, 0.343 mol), in dry ether (400 ml) 
added a t a regular rate by m eans of a syringe inserted  into the 
stopper of the conical flask. The ethereal solution of diazoethane 
thus produced, was then dried over KOH pellets for 3 hours.
4.2.S .4 Synthesis of m ethyl 5-methyl-5-phthalimidoleviillnate (IV),
NK
potassiumphthalim ide
ÇH3
CI-CH-CO-CH2-CH2-CO2CH3
methyl 5-chloro-5-methyl- levulinate
DMF
N-CH-CO-CH2-CH2 -CO2 CH3
methyl 5-methyl-5-phthalimidolevulinate
M ethyl 5 -m ethy l-5 -ph thalim ido levu linate  w as p repared
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according to the method of Lartillot and B a r o n .T o  a  suspension 
of po tass ium  phthalim ide (3.7 g, 0.02 mol) in DMF (25 ml) w as 
added methyl 5-chloro-5-methyllevulinate (3.5 g, 0.0196 mol). The 
reaction mixture was stirred for 2 1 / 2  hours and left stirring a t 60 °C 
for 1 / 2  an  hour. The deep brown reaction m ixture w as filtered to 
remove KCl and any unreacted potassium  phthalim ide, and the 
filtrate shaken  with m ethylene chloride (40 ml) and  w ater (120 
ml). The aqueous phase w as decanted and w ashed twice w ith 
m ethylene chloride (12 ml). The methylene chloride extracts were 
then  w ashed w ith 0.2 M NaOH (15 ml) and then  repeatedly with 
w ater until the w ash ings were colourless. The solution was dried 
over anhydrous NagSO^ and the solvent removed un d er reduced
pressure. Methyl 5-m ethyl-5-phthalim idolevulinate (2.99 g, 52.5%) 
was obtained as a  th ick viscous oil which could not be purified by 
crystallisation; m /z  289 (M’^ , 2%), 258 (7). 230 (21), 174 (100), 
160 (7), 147 (10), 130 (33), 115 (91), 104 (11), 84 (34), 76 (18), 
59 (13). 55 (27), 49 (32) and 28 (24); 8h (CDCI3 ) 1.68 (3 H, d, 
J  7.33, CHCH3 ), 2.62 (2 H, t, J  6.92, CH2 CO2 CH3 ), 2.82 (2 H, t, 
J  6.92, CH2 CH 2 CO 2 CH 3 ), 3.67 (3 H, s, CO2 CH3  ), 4.89 (1 H, q, 
J  7.33, CHCH3 ), 7.83 (4 H, m, ArH); Sq (CDCI3 ) 14.3, 27.9, 33.6,
51.9, 54.4, 123.6, 131.9, 134.3, 167.7, 172.8 and 203.7.
4 2 .5 .5  Synthesis of 5-methyl-ALA.HCl (V).
5-methyl-ALA.HCl was prepared according to the m ethod of 
Lartillot and B a r o n .M e th y l  5 -m ethyl-5-phthalim idolevulinate 
(2.99 g, 0.0103 mol) was refluxed with 7 N HCl (30 ml) for 8  hours 
after which the reaction m ixture was left to cool overnight. The 
ph tha lic  acid th a t  separated  ou t was filtered and  the filtrate 
evaporated under vacuum.
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7NHC1 9 %N-CH-CO-CH2-CH2-CO2CH3 Crefiux' 8 h) HCI.H2N-CH-CO-CH2-CH2-CO2H
methyl 5-methyl-5- phthalim idolevulinate 5 -methyl- 5- am inolevulinic acid hydrochloride
CO2H
‘CO2H 
phthalic acid
The residual oil th u s  obta ined was re crystallised from a 
m ixture of dry methanol and ethyl acetate in the form of very fine 
white crystals (1.56 g, 83.4%), m.p. 142 °C (lit.,^® 140-142 °C) 
(Found: C, 39.4, H, 6 .8 ; N, 7.4. CgHi^NOgCl requires C, 39.7; H, 6.7; 
N, 7.7%); m /z  129 (M+- NHg- HCl, 2 %), 1 0 1  (3), 84 (7), 73 (8 ), 69 
(24), 55 (17), 45 (23), 44 (100), 36 (38) and 28 (79); 8 » (DgO) 
1.60 (3 H, d, J  7.07, CHCHg), 2.72 (2 H, t, J  6.36, CHgCOzH), 2.97 
(2 H, m, J  6.36, CH^CHgCOgH), 4.33 (1 H, q, J  7.0 CH C H 3 ); 
Sc (D2 O) 17.4, 30.2, 35.9, 57.4, 179.6 and 209.9.
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4.3  Results and Discussion.
The condensation of ALA with pentane-2,4-dione and w ith 
ethylacetoacetate (Knorr type condensations) have long been used  
as a  m eans of assay  for ALA in biological material.'*® T h e  
condensation  of ALA with pentane-2,4-dione is know n to form 
3 -acetyl-4-(2-carboxyethyl)-2-methylpyrrole w hich h as  a  free a - 
carbon. The quantitative determ ination of ALA is based on the 
reaction  of a  solution of th is pyrrole w ith an equal volume of 
modified Ehrlich's reagent^® to form a coloured compound.
The Knorr and Fischer-Fink condensations of ALA and its 
5 -m ethyl analogue w ith  a variety  of carbonyl com pounds is 
described in Sections 4.3.1 to 4.3.9. The pyrrole products isolated 
from these reactions have been characterised  by the ir m elting 
points, elem entary analyses, m ass spectra and NMR spectra. The 
condensation  reactions of ALA with pentane-2,4-dione and w ith
1 , 1 ,1  -trifluoropentane-2 ,4-dione have both been shown to proceed 
via an enam inoketone interm ediate when they were probed by 
and l^N NMR spectroscopy. The kinetics of these reactions are 
discussed in detail in Chapter 5. No interm ediates were detected in 
the reactions of [I^nJALA.HCI (50% enriched) w ith  e thy laceto ­
acetate, hexane-2,4-dione or 3-m ethylpentane-2,4-dione when they 
were probed by NMR spectroscopy. The sam e was true for the 
reactions of 5-methyl-ALA.HCl with pentane-2,4-dione and w ith 3- 
m ethylpentane-2,4-dione, w hen they were probed by i^C NMR 
spectroscopy. This probably suggests th a t the  enam inoketone 
interm ediate in each of the above reactions is formed slowly, via  a 
ra te  determ in ing  step . As a resu lt, a s ign ificant am o u n t of 
in te rm ed ia te  does no t accum ulate a t any given tim e and  its 
detection is therefore not possible by NMR spectroscopy. Although
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n o t detected, the enam inoketone has been im plicated as the 
reaction interm ediate in all the above reactions.
It should be noted th a t a by-product detected in trace 
am ounts, in the m other liquor of all the reactions of ALA with 
carbonyl com pounds w as 2,5-bis(2-carboxyethyl)pyrazine, formed 
by the chemical dim érisation of ALA. Similarly, trace am ounts of 
2,5-bis(2-carboxyethyl)-3,6-dim ethylpyrazine w as detected in the 
m other liquor of the reactions of 5-methyl-ALA with pen tane-2 ,4- 
d ione and  w ith  3 -m ethy lpen tane-2 ,4 -d ione, form ed by the 
chemical dimérisation of 5-methyl-ALA.
121
COgH
CHz
CH2
c=o/CHg
NH2
ALA
CH3
c=o
C0 2 H\CH2
%
o=c/CH2
%
c=o/CH
Knorrcyclisation
11W 2H
10^ H 2 8 CH3 
9 ( ^ 2  7 0 = 0
4C  03
l l / /  \ 6Ni OH3 H
3-acetyl-4-(2-carboxyethyl)-
2 -methylpyrroIe
95%
OH;
pentane-2,4-dione
acetate buffer (reflux)
OH0=0
HOoO-OHo-OHo-OO-OH
OH.
Fischer-Pinkcyclisation
10 OH
OH3 O
HO2O-OH2-OH2-OO-C
Nl
2 -(3 -carboxypropanoyl)-
3 ,5 -dimethylpyrrole
5%
Scheme 4.11
4.3 .1  Condensation of ALA with pentane-2,4-dione.
A solution of ALA.HCl (0.08375 g, 0.5 mmol) and pentane-2,4- 
dlone (0.05 g, 0.5 mmol) in acetate buffer (2 ml), pH 4.6, was 
heated under reflux for half an hour. The reaction m ixture was 
cooled, and the product formed, filtered and w ashed thoroughly 
with cold water on a filter funnel. It was then dried to a  constant 
weight (0.0605 g, 62%), over phosphorus pentoxide in a  vacuum  
desiccator, m.p. 191 °C (Found: C, 61.5; H, 6.7; N, 7.1. C 10H 1 3NO3  
requires C, 61.5; H, 6.7; N, 7.2%).
Analysis of the product by NMR spectroscopy as well as GCMS 
revealed th a t it was a  m ixture of two p ro d u cts  of iden tical 
m olecular m ass. The m ajor product of the reaction constitu ting  
95% of the total product is the expected Knorr product, 3-acetyl-4- 
(2-carboxyethyl)-2-m ethylpyrro le (Scheme 4.11). The m inor 
product of the reaction, constitu ting 5% of the to tal product is 
the F ischer-P ink product, 2-(3-carboxypropanoyl) -3 ,5 -dim ethyl- 
pyrrole, formed by the alternative mode of cyclisation of the 
enam inoketone interm ediate, I (Scheme 4.11). The and ^H 
NMR d a ta  of the two products are listed in  Table 4.1. The 
ass ignm ents of the pyrrole carbons of the Knorr p roduct were 
confirmed from the NMR spectrum  of the m aterial labelled at 
the 4-position with 50% [prepared from equimolar am ounts of 
[4-^^C]ALA.HCl (50% enriched) and pentane-2,4-dione]. Both the C3  
and C5 resonances had satellite peaks on either side of the paren t 
signal ( V  = 69.6 z; = 53.7 z) and Cg was assigned by
default. Similarly the Cg resonance had satellite peaks on either 
side of the parent signal ~ 48.8 z) and C^o was assigned by
default. In the case of the Fischer-Fink product, with the label 
a t Cg, satellite peaks were observed on either side of the C7
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resonance [ J qq  = 4 1 .5  Hz) and Cg was assigned by default.6 7
 owever, because of the very sm all in tensities of the pyrrole 
carbons, satellite peaks were not observed on either side of the C2  
resonance. The i^C resonances of Cg, Cg, Cg, C^q and C ^  of the 
Fischer-Fink product were therefore assigned from a  com parison of 
the ^^C resonances of similar p y r ro le s .T h e  ^H NMR assignm ents 
of the Knorr and the F ischer-Fink products were m ade from a 
l3 c - iH  correlation.
The Knorr p ro d u ct and the  F ischer-F ink  p ro d u ct were 
separated by gas chromatography and their fragm ent ions obtained 
in  the m ass spectrom eter are listed below.
3-acetyl-4-(2-carboxyethyl)-2-m ethylpyrrole: m /z  195 (M^, 
15%), 177 (20), 152 (21), 138 (45), 134 (61), 120 (20), 108 (40),
93 (22), 77 (34), 82 (22), 65 (35), 43 (100), 39 (50) and 28 (55).
2-(3-carboxypropanoyl)-3 ,5 -dimethylpyrrole: m /z  195 (M’*', 
10%), 166 (19), 150 (15), 136 (50), 134 (44), 122 (29), 108 (34),
94 (11), 93 (14), 77 (21), 65 (22). 59 (14), 45 (7), 43 (47), 39 
(2 0 ) and 28 (1 0 0 ).
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Table 4.1 and NMR data of 3-acetyl-4-(2-carboxyethyl)-2-methylpyrrole 
(A) and 2-(3-carboxypropanoyl)-3,5-dimethylpyrrole (B) (Scheme 4.11) in CDgOD 
with reference to IMS,
Compound Carbon ^^C chemical shift (ppm) Proton
chemical shift 
(ppm)
C2 138.0
C3 121.0
C4 125.8 5-CH 6.40 (s)
C5 116.2 6-CH3 2.47 (s)
Ce 15.4A 8 -CH3 2.40 (s)
C7 197.6 9 -CH2 2.94 (t), J =  7.42 Hz
Cg 30.7 IO-CH2 2.53 (t). J =  7.42 Hz
Cg 24.2
Cio 35.9
Cii 177.6
C2 129.0
Cg 131.0
C4 113.4 4-CH 5.80 (s)
C5 136.4 7-CH2 3.01 (t), J =  6.60 Hz
Ce 189.2B 8 -CH2 2.64 (t), J= 6 .6 0  Hz
C7 35.0 IO-CH3 2.21 (s)
Cg 27.1 II-CH3 2.32 (s)
Cg 176.9
Cio 12.8
Cii 14.6
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4.3 .2  Condensation of ALA with ethyl acetoacetate.
A solution of ALA.HCl (0.08375 g, 0.5 mmol) and ethyl­
acetoacetate (0.065 g, 0.5 mmol) in acetate buffer (2 ml), pH 4.6, 
was heated under reflux for half an hour. The reaction mixture was 
cooled and the product formed, filtered and w ashed thoroughly 
w ith cold w ater on a  filter funnel. It was then dried to a  constant 
weight (0.0665 g, 59.1%), over phosphorus pentoxide in a  vacuum  
desiccator, m.p. 163 °C (Found: C, 59.0; H, 6.7; N, 6.2. C 11H 1 4NO4  
requires C, 58.7; H, 6.7; N, 6.2.% ); m /z  226 (M'*'+ 1, 4%), 225 (M"^ , 
56), 207 (8 ), 196 (1), 179 (54), 166 (10), 152 (28), 151 (91). 138 
(100), 134 (8 8 ), 122 (38), 106 (34), 93 (21). 77 (32), 65 (32), 42 
(26) and 39 (16).
A nalysis of the product by NMR spectroscopy revealed 
th a t the only product formed in th is reaction was the expected 
K norr p roduct, 3-(2-carboxyethyl)-4-ethoxycarbonyl-5-m ethyl- 
pyrrole (Scheme 4.12).
C0 2H CH.\ /CH2 0/ \CHg c=\ /c=o + CH2/ \CH2 c=\ /NH2 CH3
(reflux)
CO2H\CHg
Œ 2
o=c/CH2
CH2 -CH3
o\c=o/CH -------
8 CO2H
TCHg
6(^2
3C—
^ / /HC
10 11 CH2-CH3
O \9 C = 0  /C4
N i CH3 H
ALA ethyl acetoacetate enam inoketone 3 -(2 -carboxyethyl)-4 -ethoxy- interm ediate carbonyl-5-m ethyIpyrrole
Scheme 4.12
The and ^H NMR d ata  for 3-(2-carboxyethyl)-4-ethoxy- 
carbonyl-5-methylpyrrole are listed in Table 4.2.
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Table 4 .2  and NMR data of 3-(2-carboxyethyl)-4-ethoxycarbonyl-5- 
methylpyrrole (A) (Scheme 4.12) in CDgOD with reference to TMS.
Compound Carbon ^^C chemical shift (ppm) Proton
chemical shift 
(ppm)
C2 115.7
Cg 125.2
C4 110.1 2-CH 6.36 (s)
C5 138.0 6-CH2 2.92 (t), J=  7.70 Hz
Ce 23.7 7-CH2 2.56 (t). J=7 .70  Hz
A C7 36.4 IO-CH2 4.22 (q). J= 7 .15  Hz
Cg 176.0 II-CH3 1.33 (t). J= 7 .15  Hz
Cg 168.0 12-CH3 2.41 (s)
Cio 60.2
Cii (14.8)^
C12 (13.9)^
(a) Ambiguous assignments are bracketed.
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4.3 .3  Condensation of ALA with 3-m ethylpentane-2,4-dione.
A solution of ALA.HCl (0.08375 g, 0.5 mmol) and 3-methyl­
pentane-2,4-dione (0,057 g, 0.5 mmol) in acetate buffer (2 ml), 
pH 4.6, was heated under reflux for one hour. The reaction mixture 
was cooled and the product formed, filtered and washed thoroughly 
with cold water on a filter funnel. It was then dried to a constant 
weight (0.0174 g, 16.7%), over phosphorus pentoxide in a vacuum  
desiccator, m.p. 218 °C (Found: C, 63.2; H, 7.2; N, 6.7. CnH igN O g 
requires C. 63.1; H, 7.2; N, 6.7.% ; m /z  209 (M***, 35%), 164 (19), 
136 (100), 109 (25). 108 (10), 93 (14), 78 (23), 65 (13), 64 (63), 
45 (70) and 39 (25)).
Analysis of the product by NMR spectroscopy revealed th a t 
only th e  F ischer-F ink  product, 2-(3-carboxypropanoyl)-3 ,4 ,5- 
trimethylpyrrole (Scheme 4.13) was formed in this reaction.
C0 2 H
CHg CH3/ \CHg 0 = 0\ /c=o + CHCH3/ \CH2 0 = 0\ /NHa CH3
ALA 3-methylpentane
acetate buffer C!g 0 =  0 -(reflux)
HO2C-CH2-CH2-CO-CH 2
C!3
N'H
enam inoketoneinterm ediate
10 CH 3  11 CH3
3 C ------C4
9 8  7 ^ 2 / /  \
HO2 C-CH2 -CH0 -CO-C C5 _z  ^ ^  ^  nT 12
^ N l  CH3  H
2-(3-carboxypropanoyl)-3,4,5-trimethylpyrrole 
Scheme 4.13
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T he an d  NMR d a ta  for 2 -(3 -carboxypropanoy l)-3 ,4 ,5 -
trim ethy lpy rro le  are  listed  in  Table 4.3.
Table 4 .3  and NMR data of 2-(3-carboxypropanoyl)-3,4,5-trimethyl- 
pyrrole (A) (Scheme 4.13) In (CDg)2SO with reference to TMS.
Compound Carbon ^^C chemical shift (ppm) Proton
chemical shift 
(ppm)
Cg 125.6''
Cg 126.2 > a
C4 116.4 7-C"2 2.90 (t), J=6 .60  "z
C5 131.1> 8 -C"2 2.50 (t), J=6 .60  "z
Ce 186.4 IO-CH3 2.13 (s)^
A C7 33.5 II-CH3 1.85 (s) > a
Cg 27.8
12-C"3 2.19 (s).
Cg 174.0
Cio 10.9"
Cii 8.4 a
C12 11.3^
(a) Not necessarily respectively.
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4 .3 .4  Condensation of ALA with 3-isopropylpentane-2,4-dione.
A solution of ALA.HCl (0.08375 g, 0.5 mmol) and 3-isopropyl- 
pentane-2 ,4-d ione (0.071 g, 0.5 mmol) in acetate buffer (2 ml), 
pH 4.6, was heated under reflux for one hour. The reaction mixture 
was cooled and the product formed, filtered and w ashed thoroughly 
w ith cold w ater on a  filter funnel. It was then dried to a  constant 
weight (0.0119 g, 10%), over phosphorus pentoxide in a vacuum  
desiccator, m.p. 178 °C (Found: C, 65.8; H, 8,0; N, 5.8. CjgHigNOg 
requires C, 65.8; H, 8.1; N, 5.9.% ); m /z  219 (M"^ - HgO, 53%), 204 
(100), 190 (19), 176 (42), 147 (67), 148 (39), 134 (1 1 ), 120 (17), 
91 (17), 77 (25), 67 (17), 43 (8 ) and 39 (28).
Analysis of the  p roduct by NMR revealed th a t only the  
F isch er-F in k  p roduct, 2 -(3-carboxypropanoyl)-3 ,5-d im ethyl-4- 
isopropylpyrrole (Scheme 4.14) was formed in this reaction.
COgH
Œg
c=o/Œg
NHa
%
c=o/CHCH(CH3)2
c=o/C#a
acetate buffer
C$s
o=c-(reflux)
$O2C-CH2-CH2-CO-CH2
ALA 3-isopropylpentane-2,4-dione
CH(CH3)2
—  C
\
N ^  CHa 
#
enam inoketoneinterm ediate
1210 CHa 11 CHCCHgia
3  C -  C 4
9 8 7 & 2 / /
HO0 C-CH0 -CH2 -CO-C CS,^Z  Z  Z  N. /  \  13
^ N 1  CHa H
2 -(3-carboxyprop anoyl)-3.5- dim ethyl-4-isopropylpyrrole
Scheme 4.14
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T he iH  NMR d a ta  for 2 -(3 -ca rb o x y p ro p an o y l)-3 ,5 -
d im ethy l-4 -isopropy lpyrro le  a re  lis ted  in  Table 4 .4 .
Table 4 .4  and NMR data of 2-{3-carboxypropanoyl)~3,5-dimethyl-4- 
isopropylpyrrole (A) {Scheme 4.14) in (CDg)2SO with reference to TMS.
Compound Carbon ^^C chemical shift (ppm) Proton
chemical shift 
(ppm)
Cg 126.0>]
Cg 126.5 > a
C 4 124.7 7-C%2 2.84 (t). J =  6.95 %z
C 5 I2 9 .7J 8 -C%2 2.39 (t). J =  6.95 %z
Ce 187.9 IO-CPI3 12.20 (s)f
A C 7 34.7 11-CH 2.87 (m). J =  6.95 Hz
Cg 29.8 12-CH3 1.18(d). J=  6.95 Hz
Cg 174.8 I3 -CH3 [2.25 (s)f
Cio [11.4]^
Cii 24.3
Cig 22.4
Cig [12 .2 ]^
(a) Not necessarily respectively.
(b) Ambiguous assignments are bracketed.
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4.3 .5  Condensation of ALA with 3 ,3-dim ethylpentane-2,4-dione.
A solution  of ALA.HCl (0.08375 g, 0.5 mmol) and 3,3- 
dim ethylpentane-2,4-dione (0.064 g, 0.5 mmol) in acetate buffer 
(2 ml), pH 4.6, was heated under reflux for one hour. The reaction 
m ixture was cooled and analysed by NMR spectroscopy. The only 
p ro d u c t de tected  in  the  reac tio n  m ix ture w as 2 ,5 -b is(2 - 
carboxyethyl)pyrazine formed by the dimérisation of ALA (Scheme 
4.15). 3 ,3-dim ethylpentane-2,4-dione rem a ined un reac ted  and 
there was no evidence for the formation of a  carbinolam ine or an 
imine species, by the condensation of the am ino group of ALA with 
the carbonyl carbon of 3 ,3-dim ethylpentane-2,4-dione. This could 
be due to steric  factors w ith the two methyl groups a t the 
3 -position of the latter, preventing the approach of the am ino 
group of ALA onto either of its carbonyl carbons. Another reason 
th a t maybe considered, is the fact tha t reaction of an am ine with a  
carbonyl compound will only take place when an enol grouping is 
available in the latter. 3 ,3-dime thylpentane-2,4-dione exists 100% 
in the keto form and therefore does not react w ith ALA.
COgH
CHg Œ s
CHg pr p, C = 0\  % c /
c = o  + ; c
CHg HgC c=0\  /NHg CHa
ALA 3,3-dimethylpentane-2,4-dione
dim érisation 
2 ,5 -bis (2 -c arb oxy ethyl) pyr azine
Scheme 4.15
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D uring extensive investigations of p-diketones, Combes 
carried out the following series of reactions (Scheme 4.16).
50
NHo
CHa
c=o/CHg
c=o/C&a
pentane-2 ,4-dlone
(salt) distil
No reaction NHo
CHa
c=o/CH
%/CHc
CHoI
•NHg
CHs
c=o/(^&a)g
c=o/C&a
3,3-dimethyl- pentane-2,4-dione
CHa
c=o
CHCHa
c=o/C&a
3 -methylp entane- 2,4-dione
NHo
%
c=o
CCHa 
C—NHg 
CHa
CHoI
Scheme 4.16
Since 3 ,3-dime thylpentane-2,4-dione gave no reaction with 
am m onia. Combes in te rp reted  th is as m eaning th a t an  enol 
grouping in the carbonyl compound is essential for the reaction to 
take place.
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4 .3 .6  Condensation of ALA with hezane-2,4-dione.
A solution of ALA.HC1 (0.08375 g, 0.5 mmol) and hexane-2 ,4- 
dione (0.057 g, 0.5 mmol) in acetate buffer (2 ml), pH 4.6, was 
heated under reflux for half an hour. The reaction m ixture was 
cooled and the product formed, filtered and w ashed thoroughly 
with cold water on a filter funnel. It was then dried to a  constant 
weight (0.0624 g, 59.7%), over phosphorus pentoxide in a  vacuum  
desiccator, m.p. 161 °C (Found: C, 62.9; H, 7.2; N, 6 .6 .
requires C, 63.1; H, 7.2; N, 6.7.% ).
Analysis of the product by NMR spectroscopy as well as GCMS 
revealed it to be a m ixture of four products of identical molecular 
m ass. As illustrated in Scheme 4.17, the am ino group of ALA 
can condense with either carbonyl group of the unsym m etrical 
p-diketone, hexane-2,4-dione. Condensation preferentially takes 
place a t the less h indered carbonyl with the form ation of the 
enam inoketone interm ediates I and II in a ratio of 2:1 (Scheme 
4.17). 95% of each of the interm ediate forms I and II, cyclises to 
form the Knorr products, 3-(2-carboxyethyl)-5-methyl-4-propanoyl- 
pyrrole, (A) and  3-acetyl-4-(2-carboxyethyl)-2-ethylpyrrole, (C) 
respectively, while the rem aining 5% of the in term ediates I and 
II cyclises via  the alternative mode to form the  F ischer-F ink  
products, 2-(3-carboxypropanoyl)-3-ethyl-5-methylpyrrole, (B) and
2-(3-carboxypropanoyl)-3-m ethyl-5-ethylpyrrole, (D) respectively 
(Scheme 4.17). The percentage of each pyrrole formed is indicated 
in Scheme 4.17. The ^^0 and NMR data of the products are 
listed in Table 4.5.
The fou r pyrro le  p ro d u c ts  were se p a ra te d  by gas 
chrom atography and their fragm ent ions obta ined in the m ass 
spectrom eter are listed below.
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3 -(2 -carboxyethyl)-5 *-methyl-4 ~propanoylp3n*role (A): m /z  209 
(M"". 9%), 180 (7), 152 (9), 138 (100), 134 (23), 120 (12), 106 
(14), 93 (9), 77 (18), 65 (2 1 ), 57 (20), 42 (17), 39 (24), 27 (46), 
28 (48) and 18 (28).
2-(3-carboxypropanoyl)-3-ethyl-5-metliylpyrroIe (B); m /z  209 
(M+, 8 %), 191 (7), 180 (6 ), 162 (40), 148 (4), 134 (31), 120 (14), 
106 (16), 93 (9), 77 (24), 65 (29), 57 (18), 55 (12), 42 (24), 39
(32), 29 (48), 28 (94) and 18 (100).
3-acetyl-4-(2-carboxyetliyl)-2-ethylpyrrole (C); m /z  209 (M'*', 
6 %), 191 (7), 166 (33), 152 (18), 148 (37), 134 (29), 122 (16), 
120 (15), 106 (31), 93 (16), 77 (30), 65 (22), 59 (5), 43 (100), 39
(33), 29 (14), 28 (82) and 18 (78). 
2-(3-carboxypropanoyl)-3-methyl-5-ethylpyrrole (D): m /z  210
(M++ 1, 2%), 180 (14), 164 (2), 150 (10), 134 (11), 122 (8 ), 106 
(9), 78 (8 ), 65 (7), 57 (7), 43 (34), 39 (12) and 28( 100).
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Table 4 ,5  and NMR data of 3-(2-carboxyethyl)-5-methyl-4-propanoyl- 
pyrrole (A) and 3-acetyl-4-(2-carboxyethyl)-2-ethylpyrrole (C) (Scheme 4.17) In 
CDgOD with reference to TMS.
Compound Carbon ^^C chemical shift (ppm) Proton
chemical shift 
(ppm)
C2 116.1
^3 125.7
C4 120.6 2-CH 6.40 (s)
^5 116.1 6 -CH2 2.95 (t), J= 7 .29  Hz
24.3
7-CH2 2.54 (t), J =  7.53 Hz
A C7 35.9 IO-CH2 2.75 (q). J= 7 .53  Hz
Cg 177.6 II-CH3 1.13 (t), J= 7 .29  Hz
Cg 200 .8 I2 -CH3 2.47 (s)
^10 36.0
Cii 9.0
^12 15.5
C2 143.8
C3 120.1
C4 125.4 5-CH 6.43 (s)
C5 116.3 6 -CH2 2,89 (q), J= 7 .53  Hz
Lq 22.8
7-CH3 1.23 (t). J= 7 .29  Hz
C 14.2
9 -CH3 2.42 (s)
Lg 197.8 IO-CH2 2.95 (t). J= 7 .29  Hz
Cg 30.5 II-CH2 2.55 (t), 7.53 Hz
^10 24.2
Cii 35.8
C12 177.5
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Table 4 .5  Cont... and NMR data of 2-(3-carboxypropanoyl)-3-ethyl- 
5-methylpyrrole (B) and 2-{3-carboxypropanoyl)-3-m ethyl-5-ethylpyrrole (D) 
(Scheme 4.17) in CDgOD with reference to TMS.
Compound Carbon ^^C chemical shift (ppm) Proton
^H chemical shift 
(ppm)
C2 116.2
C3 136.5
C4 111.2 4-CH 5.87 (s)
C5 137.3 7-CH2 3.023 (t), J= 6 .60  Hz
Ce 189.1 8 -CH2 2.65 (t). J= 6 .60  Hz
B C7 34.7 IO-CH2 3.48 (q). 7.29 Hz
Cs 29.2 II-CH3 1.17 (t). 7.29 Hz
C9 176.9 12-CH3 2.23 (s)
Cio 66.9
Cii (15.1)^
C12 (12.9)^ >
C2 116.5
C3 138.3
C4 111.8 4-CH 5.84 (s)
C5 144.6
7-CH2 3.017 (t), J= 6 .60  Hz
Ce 189.3 8 -CH2 2.651 (t). J= 6 .60  Hz
D C7 35.0 IO-CH3 2.33 (s)
Cs 29.2 ll-CHg 2.76 (q), J= 7 .29  Hz
Cg 176.0 I2 -CH3 1.19 (t). J= 7 .53  Hz
Cio (14.7)^
Cii 22,2
C12 (14.0)^
(a) Ambiguous assignments are bracketed.
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4.3 .7  Condensation of ALA with 1,1, l-tiiflnoropentane-2,4-dione.
A solution of ALA.HCl (0.08375 g, 0.5 mmol) and 1,1,1- 
trifluoropentane-2,4-dione (0.077 g, 0.5 mmol) in acetate buffer 
(2 ml), pH 4.6, was left standing overnight. The fine white crystals 
th a t formed were filtered and washed thoroughly w ith cold w ater 
on a  filter funnel. They were dried to a constant weight (0.054 g, 
40.4%), over phosphorus pentoxide in a  vacuum  desiccator, m.p. 
154 °C (Found: C, 45.0; H, 4.2; N, 5.1. C10H12NO4F3  requires C, 45.0; 
H, 4.5; N, 5.2.%; m /z  267 (M"^ , 2%), 249 (2), 198 (1), 166 (17), 
101 (3), 96 (3), 69 (11), 55 (5), 45 (9). 44 (11) and 28 (100)).
Analysis of the product by NMR spectroscopy revealed th a t it 
was a  hydrogen-bonded enam inoketone (Scheme 4.18).
COgH
%
c=o
%
NHa
CF3 IC F3\ /c—-0 , 0 = :C 2\ acetate buffer y' \ 3CH\ H:0 room temperature
H
\c = N— ■C4/ 10 9 8 7 6 / \CH3 HOgC-CHg-CHg -CO-CH2 5 CH;
ALA 1,1,1-triflu oropentane-2,4-dione enam inoketone
Schem e 4 .1 8
The and ^H NMR data of the enam inoketone are listed in 
Table 4.6. The presence of the hydrogen-bonded chelate ring was 
inferred from the large param agnetic shift (Ô 11.3), of the N-H 
proton. Hydrogen bonding leads to deshielding and to an  increase 
in the frequency of the NMR signal of the hydrogen-bonded proton. 
The s tru c tu re  of the enam inoketone was further confirmed from 
th e  following evidence. The low field pro ton  signal of the 
enam inoketone, 50% enriched in i^N [synthesised from equimolar
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am oun ts of [^^N]ALA.HCl (50% enriched) and  1 ,1 ,1 -trifluoro­
pentane-2 ,4-dionel, appears as a broad resonance a t ô 1 1 .3 , which 
is the resonance and a  doublet one on either side of the broad
resonance, due to a one bond ^^N-H coupling 15^  = 92.5 Hz). 
(Fig. 4.2). Each signal of th is doublet is further sp lit into a triplet 
due to coupling with the protons of the a-C'2 group attached to the 
nitrogen atom  5 A 7  Hz) (Fig. 4.2). The sp litting  of the a-
C' 2  protons into a doublet, due to coupling w ith the NH proton 
however, could not be resolved.
J HH HH
H
1 1 . 5 0
PPM
11 . 0 0
Figure 4 .2  300.134 MHz NMR spectrum of the enaminoketone (50% enriched 
with indicating the broad resonance at 11.3 ppm, the one bond 
coupling constant, V  = 92.5 Hz and the three bond H-H coupling constant. V  hh 
= 5.47 Hz. The solvent was CDgOD and the spectrum referenced with respect to TMS.
F urther evidence th a t the product of the above reaction is an 
enam inoketone and not an  im ine, was obta ined from the 
chem ical sh ift (8 120.5) of the latter, 50% enriched in This 
lies well outside the chemical sh ift range for im ines (8 305 to 
8  365)®^ b u t w ithin the chem ical sh ift range for enam ino-
ketones (8  80 to 8  125). 51
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From these findings it can be concluded th a t the product 
exists > 95% in the enam inoketone form in solution. There was no 
evidence to suggest the presence of the other tautom etric forms of 
the product: the enimine and ketimine forms (Fig. 4.3) in solution.
O/H
N = /HOgC-CHg-CHg-CO-CH g
CFg
■C
\ h
: /\ CHg
O:
N:/HOgC-CHg-CHg-COCH g
CFg
:C\ CHg
:C\ CHg
enim ine ketim ine
F igu re 4 .3  T autom etric form s o f the enam inoketone - th e  en im ine and  
k etim in e  form s.
Previous investigation into the keto-enol tautom érisation of 
Schiff bases prepared from monoam ines and aliphatic dicarbonyl 
com pounds have indicated th a t only one isomer, the enam ino­
ketone is present in s o l u t i o n . D u d e k  and Holm®® have ascribed 
the preferential existence of the enam inoketone form, over th a t of 
the  enim ine and  ketim ine to greater s tab ilisa tio n  th ro u g h  
resonance and hydrogen bonding. The above authors®® have also 
proposed th a t the resonance interaction in the enam inoketone is 
intrinsically more stabilizing.
/p = c
< .oN— C /  \
/o = c
H\+N:/
CH'/
\
■p-
N:/
/•C
CH/:C\
than  th a t in the enimine in which the negative change cannot be 
delocalised on oxygen.
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/
/o— c
H % :)/  N = C  /  \
+ /  o = c/  \  _ H CH\
N = C  /< - ;  \
/
H
+o:
N-
/
\ CH
/ \
The existence of the enol form (II) of the enam inoketone, in 
ra p id  eq u ilib riu m  w ith  its  keto  form  (I) w as in d irec tly  
d em o n stra ted  by m onitoring  hydrogen exchange a t the  Cg 
methylene group of I (50% enriched in by NMR in CDgOD.
O:
H\ N-10 9 8 7 6 /
HOgC-CHg-CHg-CO-CH g
:C2\ 3
•C4\5 CHg
H\ N/HOgC-CHg-CHg-C=CH
OH
CFg
o = c \
c \ CHg
11
Hydrogen exchange a t Cq led to the gradual evolution of I to
lb via la.
ICFg/o== C 2\ 3
H CH\ N - — C 4
6 / \R-CHg 5 CHg
CDoOD
ICFg ICFg/ /o = :C2 o = :C2\ 3 CDgOD X \ 3H CH H CH
\ / / \N— •C4 N— •C46 / \ 6 / \R-CHD 5 CHg R-CDg 5 CHg
la lb
where R = HOgC-CH^-CH^-CO
The 6 -CHD proton of la  appears as a  1:1; 1 triplet at 4.50 ppm 
while its ^^N-H resonance appears as a doublet, each signal of 
which is further split into a  doublet due to coupling with the proton 
of the a-C(D group attached to the nitrogen atom . The i ^N-H 
resonance of lb appears as a  doublet, one on either side of its i^N-H 
resonance a t 11.3 ppm.
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Table 4 .6  and NMR data of the enaminoketone (Scheme 4.18) in CDgOD
with reference to TMS.
Compound Carbon 13c chemical shift (ppm) Proton
^H chemical shift 
(ppm)
Cl
125.01
121.2  117.4 113.6,
quartet 287.6 )z
Cg
176.8176.4176.0
175.6
quartet ' 2j^ j,=  32.3)z 3-C)
5-C)3
5.43 (s) 
2.10  (s)
enam inoketone C3
C4
90.3
172.4
NH
6 -CHg
11.3 (s) 
4.52 (s)
Cs 20.0 8 -CHg 2.77 (t). J=6.36 Hz
53.7 9-CHg 2.65 (t). J=6.36 Hz
C7 204.1
Cg 35.3
Cg 28.7
Cio 176.1
141
COgH
CHg
%
c=o/Œg
NHg
CF3
OT H
c = o/CHg
acetate buffer 
(reflux)
sCOgH  
7 CHg 10 CFg 
6 CHg 9 C = 0
3 C  C4
\ s
N l^  '^CHa H
ALA 1,1.1 -trifluoropentaue-2,4-dione 3-{2-carboxy^ethyl)-5-methyl-4-trlfluoroacetylpyrrole
acetate buflfer (room temperature)^
CFg
o = c\H CH\ N— C /  \HOgC-CHg-CHg-CO-CHg CH,
'acetate bufler (reflux)
enaminoketone
Scheme 4.19
4 .3 .8  Condensation of ALA with 1,1, l-triflnoropentane-2,4-dione 
in reûixzdng acetate buffer.
A solution of ALA.HCl (0.08375 g, 0.5 mmol) and  1,1,1- 
trifluoropentane-2,4-dione (0.077 g, 0.5 mmol) in acetate buffer 
(2 ml), pH 4.6, was heated under reflux for half an hour. The 
reaction mixture was cooled and the product formed, filtered and 
w ashed thoroughly with cold w ater on a  filter funnel. It was then 
dried to a constan t weight (0.0272 g, 23.4%), over phosphorus 
pentoxide in a vacuum  desiccator, m.p. 187 °C (Found: C, 48.2; 
H, 3.5; N, 5.6. C10H 10NO3 F3 requires C, 48.2; H 4.0; N, 5.6.% ; m /z
250 (M'^+ 1, 17%), 249 (M+, 10), 232 (1), 204 (9), 191 (7), 180 
(3), 153 (7), 139 (34), 134 (11), 108 (7), 94 (3), 81 (2), 69 (5), 6 6  
(6 ), 44 (8 ) and 28 (100).
Analysis of the product by NMR spectroscopy revealed th a t 
the only product formed in this reaction was the Knorr product, 3- 
(2-carboxyethyl)-5-methyl-4-trifluoroacetylpyrrole, (Scheme 4.19). 
T his w as in ferred  from the  i H chem ical sh if t (8  6 .53),
corresponding to an a-C*  proton of a pyrrole ring, which is w hat is 
p resen t in the Knorr product. There was however no evidence for 
the form ation of the Fischer-Fink product. The sam e product, 
3 -(2 -carboxyethy l)-5 -m ethy l-4 -trifluoroacetylpyrro le  w as also 
formed when the enam inoketone (described in Section 4.3.7) was 
refluxed in acetate buffer, pH 4.6, (Scheme 4.19). It is therefore 
concluded th a t the enam inoketone is an in term ediate  in  the 
form ation of 3-(2-carboxyethyl) -5-m ethyl-4-trifluoroacetylpyrrole. 
The and ^H NMR data of the latter are listed in Table 4.7.
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Table 4 ,7  and NMR data of 3-(2-carboxyethyl)-5-methyl-4-trifluoroacetyl-
pyiTole (A) (Scheme 4.19) in CDgOD with reference to TMS.
Compound Carbon i^C chemical shift (ppm) Proton
chemical shift 
(ppm)
Cg
C3
C4
C5
Ce
C?
Cg
Cg
Cio
Cii
176.51177.0177.4 177.9
112.5 
116.4 
120.2124.0
14.29114.3514.4014.46
117.7 
127.9 
114.2 
140.6
23.7
35.4
177.4
quartet 'Vcf=34.8+z
quartet f2j^p=34,8Hz
quarte t
Cl tK= 4.48 ,z
2-C,
6-CHg
7-CHg
II-C,3
6.53 (s)
2.94 (t). J= 7 .53  ,z
2.54 (t). J= 7 .53  ,z 
2.46 (q). F= L52 ,z
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4 .3 .9  Condensation of ALA with 1,1,1,5,5,5-hexafluoropentane-
2,4-dione.
A solution of ALA.HC1 (0.08375 g, 0.5 mmol) and 1,1,1,5,5,5- 
hexafluoropentane-2,4-dione(0.104 g, 0.5 mmol) in  acetate buffer 
(2 ml), pH 4.6, was heated under reflux for one hour. The reaction 
m ixture was cooled and analysed by NMR spectroscopy. The only 
p roduct detected in the reaction m ixture w as 2 ,5 -b is (2  -carboxy­
ethyl) pyrazine formed by the dim érisation of ALA (Scheme 4.20). 
The highly enolised (100%) 1 ,1 ,l,5 ,5 ,5 -hexafluo ropen tane-2 ,4 - 
dione rem ained unreacted, partly as a  solid and partly in solution as 
its  d ihydrate  (Scheme 4.20). There w as no evidence for any 
reaction between ALA and 1,1,1,5,5,5-hexafluoropentane-2,4-dione.
œgH
CHg
OTg
c=o/Œg
NHg
CFs
CH H \ c = o/CFg
X
ALA 1 ,1 ,1 ,5,5,5,-hexafluoro- pentane-2 ,4-dione
d im érisation
2 Hg{y CFgc —(OH)g
OTg 
C—(OH)g 
CFg
2 ,5-bis(2-carboxyethyl)pyrazlne 1,1, 1,5,5,5-hexafluoro- 
pentane-2 ,4-dihydrate
Scheme 4.20
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4.3 .10  Condensation of 5-methyl-ALA with pentane-2,4-dione.
A solution of 5-methyl-ALA.HCl (0.0908 g, 0.5 mmol) and 
pentane-2,4-dione(0.05 g, 0.5 mmol) acetate buffer (2 ml), pH 4.6, 
was heated under reflux for half an hour. The reaction mixture was 
cooled and the product formed, filtered and w ashed thoroughly 
with cold water on a  filter funnel. It was then dried to a  constant 
weight (0.0174 g, 16.7%), over phosphorus pentoxide in a vacuum  
desiccator, m.p. 222-224 °C (Found: C, 61.7; H, 7.6; N, 6 .4 . 
C 11H 15NO3  requires C, 62.1; H, 7.7; N, 6.7.% ; m /z  209 (M+, 24%),
180 (7), 166 (18), 150 (49), 122 (13), 55 (13), 43 (39) and 28 
( 100).
Analysis of the product by NMR spectroscopy revealed th a t 
the only product formed in this reaction was the Knorr product, 
3-acetyl-4-(2-carboxyethyl)-2,5-dim ethylpyrrole (Scheme 4.21). 
The alternative mode of cyclisation through the acyl group of 
p e n ta n e -2 ,4-dione does not lead to a ro m atisa tio n  w ith  the 
formation of the Fischer-Fink product. The and ^H NMR data 
for 3-acetyl-4-(2-carboxyethyl)-2,5-dim ethylpyrrole are listed in 
Table 4.8.
COgH 
CHg CHg 
CHg C=0
' c = 0  + CH, buETer
CHCHg \ NHg
( r e f l u x )c= o/CHq
COgH
\CHg CHg
/ \CHg c=\ /o = c CH
/CH C
HgC ‘N ‘H ‘CH,
11 œg-  
lO^Hg 8 OT3
1 2 /HgC
9 CHg 7C =  0 /C3
N i CHg H
5-methyl- pentane- ALA 2,4-dione enam inoketoneinterm ediate 3-acetyl-4-(2-carboxyethyl)-2 ,5-dimethylpyrrole
Scheme 4.21
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Table 4 .8  and NMR data of 3-acetyl-4-{2-carboxyethyl)-2,5-dlmethyl- 
pyrrole (A) (Scheme 4.21) in (CDg)gSO with reference to TMS,
Compound Carbon ^^C chemical shift (ppm) Proton
%  chemical shift 
(ppm)
Cg 133.1
Cs 119.7
C 4 122.8 6 -CH3 2.38 (s)
C 5 118.3 8 -CH3 2.27 (s)
Cg 14.8A 9-CHg 2.72 (t), J=  7.74 Hz
C 7 193.3 lO-CHg 2.29 (t), J=  7.74 Hz
Cg 30.4 12-CH3 2.03 (s)
Cg 20.8
Cio 35.1
Cii 174.5
C12 9.7
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4.3 .11  Condensation of 5-methyl-ALA with 3-methylpentane-2,4- 
dione.
A solution of 5-methyl-ALA.HCl (0.0908 g, 0.5 mmol) and 
3-m ethylpentane-2,4-dione (0,057 g, 0.5 mmol) in acetate buffer 
(0.5 ml), pH 4.6, was incubated at 40 °C for a  week and then  
analysed by NMR spectroscopy. The reaction m ixture was found to 
conta in  3-(2-carboxyethyl) -2 ,4 ,5-trim ethylpyrrole, formed by the 
Knorr condensation of 5-methyl-ALA with 3-m ethylpentane-2,4- 
dione together with a sm aller am ount of 2,5-bis(2-carboxyethyl)- 
3 ,6 -dimethylpyrazine formed by the dimérisation of 5-methyl-ALA 
(Scheme 4.22).
COgH
^H g
%
CHs
c=o /C = 0  + CHCHg /  \CHCHg C = 0\  /NHg CHg
acetate buffer 
(reflux)
5-methyl- 3-m ethylpentane- 
ALA 2,4-dione
HgC
œgH
CHg
Œg
o=c/  ^CH
Œg
c=o/CCHg ----
N CHgH
enam inoketoneinterm ediate
9 œg. 
8 CHg 
7 %
. r
HoC
10 CHg 
C4
\ u
NÏ CHg
3 - (2 -carb oxyethyl) -
2 ,4 ,5-trimethylpyrrole
dim érisation
9 COgH
HqC — c
11 CHg
12 CHg 
13 COgH
2.5-bis(2-carboxyethyl) ■3.6 -dimethylpyrazine
Scheme 4.22
147
The p ro d u c ts  rem a ined  in  so lu tio n  and  w ere n o t 
characterised in any other way. The Fischer-Fink product is not 
formed in th is reaction, since such a  mode of cylisation does not 
lead to aromatisation. The and NMR data of the products are 
listed in Table 4.9.
Table 4 .9  and NMR data of 3-(2-carboxyethyl)-2,4,5-trlmethyIpyrrole (A) 
and 2,5-bis(2-carboxyethyl)-3,5-dimethylpyrazine (B) (Scheme 4.22) in CDgOD 
with reference to CDgOD set at 49.04 ppm.
Compound Carbon ^^ C chemical shift (ppm)^ Proton
iR chemical shift 
(ppm)^
Cg (122,4)
Cs 116.6
C4 1 1 2 .6
6 -CH3 [2 . 1 0  (s)j
C5 (1 2 2 .1) 7-CHg 2.63 (t), J=  8.25 Hz
% [1 0 .8 ]A 8 -CH2 2.38 (t), J=  8.25 Hz
C7 2 1 .1 II-CH3 [2.09 (s)j
Cs 37.0 IO-CH3 1 .8 8  (s)
Cg 179.2
Cio 9.1
Cii (10.7)
C g . C B (151.5)
C3 . C q (149.5)
7. ll-CHg 3.05 (t), J=7.15 Hz
C7 , Cii 29.7
B 8 , 12-CHg 2.70 (t), J= 7.15  Hz
Cg, Cj2 34.1 10. I4 -CH3 2.26 (s)
Cg. Ci3 178.7
ClQ. Ci4 20.4
(a) Pah'S of ambiguous assignments are placed within similar brackets.
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From  the experim ental re su lts  obta ined, the  following 
observations can be made. ALA reacts w ith 3-unsubstitu ted alkane-
2,4-diones (e.g. pentane-2,4-dione and hexane-2,4-dione) to form a 
m ixture of the Knorr and Fischer Fink products in a ratio of 95:5 or 
19:1. With 3-alkyl substitu ted  pentane-2,4-diones (e.g. 3-methyl- 
pentane-2,4-dione and 3-isopropylpentane-2,4-dione), the reaction 
proceeds to form only the Fischer-Fink product to the exclusion of 
the Knorr product.
5-methyl-ALA on the otherhand, reacts w ith pen tane-2 ,4- 
dione to form the expected Knorr product and it also reacts w ith 
3 -m ethylpentane-2,4-dione to form only the Knorr product and not 
the expected F ischer-F ink  product. The im plications of th is  
anom aly and the m echanistic details of pyrrole formation will be 
discussed in Chapter 5.
With the exception of 3 ,3-dim ethylpentane-2,4-dione and 
1 , 1 ,1 ,5 ,5 ,5-hexafluoropentane-2 ,4-dione which exist 1 0 0 % in the 
keto and enol forms respectively as neat liquids, all the o ther 
carbonyl com pounds with which the condensation of ALA and 
5-methyl-ALA were investigated, exhibit keto-enol tautom erism . 
The keto-enol equilib rium  is however very largely so lvent 
dependent.
In the case of the unsymmetrical (3-diketone, 1 ,1,1-trifluoro- 
pentane-2,4-dione, which is very largely enolised (92.5% as a neat 
liquid),® ^ evidence from l^C NMR d ata  has been shown th a t 
énolisation on the m ethyl side is only slightly favoured.®® A 
hydrogen bond with a fluorine atom in both the cis and tra n s  
conformations of the enol form of 1,1,1 -trifluoropentane-2,4-dione 
was invoked to explain the veiy high enol content of the latter.
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\  /  \  /C— O C— O^  'f 'CH CH\  \C=Q  yC-CHs
CH3 o
cis trans
The condensation of the am ino group of ALA with 1,1,1- 
trifluoropentane-2,4-dione w as shown in Section 4.3.7 to occur 
exclusively a t the carbonyl carrying the methyl substituen t, to form 
a  hydrogen bonded enam inoketone in a  chelated  ring. This 
evidence then , is indication of the fact th a t condensation of the 
am ino group accurs preferentially a t the keto carbonyl of a  keto- 
enol tautom er. This could then  explain the absence of any reaction 
between ALA and 1,1,1,5,5,5-trifluoropentane-2,4-dione which is 
1 0 0 % enolised as a  n ea t liquid and is com pletely hydrated in 
aqueous medium. Décombe®® in his studies with [3-keto esters and 
am ines h a s  chosen the  keto form as the  re a c ta n t in su ch  
condensations. His investigation indicated th a t the pure enolic form 
of acetoacetic ester did not react immediately w ith d iy  ammonia, 
while the  equilibrium  m ixtures in dry e ther a t 0 °C gave an  
im m ediate crystalline enam ine com pound. The absence of any 
reaction of ALA with 3 ,3-dim ethylpentane-2,4-dione which exists 
1 0 0 % in the keto form, would then  be largely due to steric factors.
On the basis of the resu lts obtained, the m echanism  for the 
form ation of the enam inoketone interm ediate is proposed to be as 
illu strated  in Scheme 4.23. The w ater molecule m ight split from 
in term ediate  I e ither according to course A to form the imine 
in te rm ed ia te  II, w h ich th en  tau tom erises to the  m ore stable
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enam inoketone interm ediate III, or according to course B directly 
to form III. Course A would be possible only when a  hydrogen atom 
was available on nitrogen and would be impossible when secondary 
am ines are used in these reactions. In order to determ ine if III 
could be formed exclusively via course B, an attem pt was made at 
mono alkylating ALA, to form a secondary am ine. ALA, being a 
prim ary am ino acid, could not be monoalkylated. All attem pts at 
m onoalkylation only lead to the form ation of the N,N-dialkyl 
compound. It is to be recalled th a t ALA gave no reaction with 3,3- 
dim ethylpentane-2 ,4-dione which has no a-hydrogen atom s in it. 
This latter reaction might be expected if the m echanism  of such  
condensation were expected to follow course B. This is strong 
negative evidence for such a mechanism.
c=o
C=OH
œgH
CHg
Œg
0=0/CH2
R'\c=o
C-OHH 
'^CHa
COgH
\CHg R'
/ \CHg 0=1\ /0=0 OH
/CHg 0
CH,
ALA p-diketone or 
p-ketoester
H
HI
COgH
\CHg R’
/ \CHg 0=0\ /o=c CHg
/ \
II
Scheme 4.23
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C H A P T E R  F I V E
KINETIC INVESTIGATIONS OF THE KNORR AND 
FISCHER-FINK PYRROLE SYNTHESES
5.1 Introduction.
The Knorr condensation of ALA with 1,1,1-trifluoropentane-
2,4-dione to form 3-(2-carboxyethyl)-5-m ethyl-4-trlfluoroacetyl- 
pyrrole was shown in Chapter 4 to proceed via an enam inoketone 
in te rm ed ia te  (Scheme 5.1), sim ilar to th o se  p o stu la ted  as 
interm ediates in the Knorr synthesis.
CFs
p = c
acetate buffer /  \
3 C3
C0 23\ C3g CF3
C32 c —- 0 ^\ \c=o 4" C3 3
/ \
%
NH2
C =/CHs
= 0
ALA 1 ,1 , l-trifluoropentane-;
(room temperature) ^
N— C /  \HO2C-CH2-CH2 -CO-CH2  CH3
-dione enam inoketone
acetate buffer (reflux)
CO2 H 
C42 (^ 3
C52 c=o
c — c/ /  w
36 C
C43
3
3-(2-carboxyethyl)-5-methyl-4- trlflu or o ace tylpyrr ole
Scheme 5.1
The enzyme ALA dehydratase, catalyses a  sim ilar Knorr 
reaction; the dimérisation of two molecules of ALA to form PBG, the 
monopyrrolic precursor of a wide spectrum  of tetrapyrroles.® The 
e-am ino group of a lysine residue of the human® and bovine^ zinc
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metalloenzyme, forms a Schiff base w ith one molecule of ALA which 
becom es the  P-side of PBG^’® (Scheme 5.2). It is now presum ed 
th a t th is enzyme bound species then  reacts w ith a  second molecule 
of ALA to form an enam ine interm ediate (with the C-C double bond 
between C3  and C4  of the second molecule of ALA), which cyclises 
and  eventually yields PBG with release of the lysine residue®’ 
(Scheme 5.2).
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CHg
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c= o/CH2
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CHg
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N CH, 
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CHg
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„ /
P-side
CO2H
CHgVNHg
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-E(lys)-NH2_
CH2
^ 2
E (ly s ) -N -C ~
CH2
œgH 
^H g
H /NHg
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Scheme 5.2
The m echanism  postulated for the ALA dehydratase reaction 
(Scheme 5.2), is sim ilar to th a t proposed for the Knorr pyrrole
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s y n t h e s i s ( S c h e m e  5.3).
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Scheme 3.3
In order to explore the validity of this analysis and to gain 
fu rther insight into the ALA dehydratase reaction, the m echanism  
of a  comparable or 'model' reaction, th a t of ALA with pentane-2,4- 
dione was exam ined by high field NMR. Besides serving as a model 
for the ALA dehydratase reaction, the condensation of ALA with 
pentane-2,4-dione is an  excellent probe for the Knorr reaction. 
Although a mechanism  for the Knorr reaction is readily proposed, 
to date there appear to be few detailed m echanistic and kinetic 
studies.
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5.2  Experimental.
5.2.1 Materials.
Acetic acid (deuteriated), pen tane-2 ,4 -d ione, p o tass iu m  
chloride, sodium  acetate (anhydrous), sodium  acetate trihydrate 
and 1,1,l-trifluoropentane-2,4-dione, were purchased from Aldrich 
Chemical Company. ALA.HC1 was purchased from Sigma Chem ical 
Company, glacial acetic acid (analaR) from Rhone Poulenc Ltd. and 
deuteriated m ethanol (99.8%) from GOSS. [4-i3C]ALA.HCl (50% 
enriched) and [i^N]ALA.HCl (50% enriched) were synthesised  as 
described in Sections 2.2.3 and 2.2.4 respectively.
Acetic acid-sodium  acetate buffer solutions used  for NMR 
experiments were prepared as listed in Table 5.1.
Table 5.1 pH of acetic acid-sodlum acetate buffer solutions. 10 ml mixtures of 
xm l 1 M AcOH and y ml 1 M NaOAc.SHgO.
Sample AcOH (x ml of 1 M)
NaOAc.3HgO 
(y ml of 1 M) pH at 21^0
pH at 21 °C after the 
addition of 40% CDgOD
5.1 (A) 1.0 9.0 5.86 6.45
5.1(B) 3.0 7.0 5.23 5.87
5.1 (C) 5.0 5.0 4.76 5.40
5.1 (D) 7.0 3.0 4.44 5.07
5.1 (E) 9.0 1.0 3.94 4.59
5.2 .2  Instrumentation and General Techniques.
i^C  NMR kinetics were performed a t 300.134 M7z on a 
B ruker AM 300 spectrom eter using  the k inetics program  AU 
KINETICS.AUR. Spectra were acquired using 32 K d ata  points, a 
pulse width of 2.0 jts (3.9 ps for a 90 ° flip angle), a recycle time of
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1.82 s and a  spectral w idth of 20,000 Hz. The probe tem perature 
was m aintained at 21 °C. Each accumulation, with a  scan time of 15 
m in u tes  and  21 seconds was proceeded by 4 dum m y scans 
(9 seconds) and followed by a delay time of 4 m inutes and 20 
seconds. T hus, the  tim e betw een the s ta r t  of success ive 
accum m ulations was 20 m inutes. Spectra were referenced with 
respect to internal CD3 OD set at 5 49.04. They were processed after 
the  peak in tensities of the first spectrum  were norm alised, by 
se tting  the  absolu te in tensity  param eter to u n ity  before the  
spectrum  was transform ed. This ensured th a t peak in tensités of 
each successive spectrum  were in relation to those of the first. The 
d a ta  from the spectra  were analysed on an Apple M acintosh 
C om puter using a  BASIC l^ c  dataheinding program  devised by 
Broan.^^
NMR spectra were obtained in exactly the same way as 
described in Section 2.2.2D.
The k in e tic s  of cy c lisa tio n  of th e  en am in o k e to n e  
in term ediate  formed in the  reaction between ALA and 1,1,1- 
trifluoropentane-2 ,4-dione, were followed spectrophotom etrically 
w ith a  Philips PU 8732 U.V./Visible scanning spectrophotom eter, 
fitted w ith a PU 8732 cell programmer. The la tte r was equipped 
w ith  a  th e rm o sta ted  m ulti-cell com partm en t in w hich the 
tem perature was m a inta ined a t 40 ±  0.1 °C by circulating w ater 
from a constant tem perature water bath. The reaction was followed 
by monitoring the gradual disappearance of the absorption of the 
enam inoketone interm ediate at X = 317.6 nm, and infinity values in 
all cases were recorded at 10 half-lives. Both reaction and reference 
cells were filled with buffer solutions and sufficient time (half an 
hour) was allowed for tem perature equ ilibration. Reaction was
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initiated by addition of the substrate (enam inoketone intermediate) 
(5 [xl of a  0.025 M solution in methanol), to acetate buffer (3 ml), 
m aintained at 40 °C in a quartz cell and shaking vigorously to effect 
solution. In edl cases, the reactions were ru n  under pseudo first- 
order conditions in which the hydrogen ion concentration of the 
buffer solution was in great excess over the concentration of the 
su b s tra te . F irs t-o rder k inetic  plots were co n s tru c ted  u sin g  
conventional first-order kinetics employing an  infinity reading of 
the absorbance and plotting ln(At-Aoo) versus time.
All pH m easurem ents were m ade a t 40 °C w ith a  Griffin 
digital pH m eter equipped with a  P8P-100-0300 glass electrode. A 
correction of 0.40 pH u n it was added to the pH m eter reading to 
ob ta in  pD readings.^® The pH m eter w as checked aga in st a 
standard of known pH, before each measurement.
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5 .2 .3  Mechanistic investigation of the condensation of ALA with 
pentane-2,4-dione by NMR spectroscopy.
The condensation of ALA with pentane-2,4-dione in refluxing 
acetate buffer, pH 4,6, forms the Knorr product, 3-acetyl-4-(2- 
carboxyethyl) -2-methylpyrrole (95%) and the Fischer-Fink product,
2-(3-carboxypropanoyl)-3,5-dimethyIpyrrole (5%) as illustrated in 
Scheme 5.4.
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CHg CHg\ \c=o c-- 0/ \CHg ---- CH H\ \ /c=o C == 0/ /CHg CHg
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œg9
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Figure 5.1 Tautomeric structures of the intermediate species formed in the 
reaction between ALA and pentane-2,4-dione. * denotes the carbon atom with a 
^^ C chemical shift of 5 167.1.
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Figure 5 .2 Possible solution structures of the intermediate species formed in 
the reaction between ALA and pentane-2,4-dione.
In principle, reaction  m echanism s can  be s tu d ied  by 
following the evolution of reactants by high field NMR. and 
NMR spectroscopy have often been used to identify interm ediates 
an d /o r  to determine kinetic param eters by m eans of line intensity 
m easurem ents as a function of time. In order to investigate the 
m echanism  of the ALA : pentane-2,4-dione reaction, its progress 
was followed by monitoring the conversion of reactants to products 
by NMR spectroscopy.
The reaction of a 1:1 m ixture of [4-13c ]a l A.HC1 (5%
enriched) and pentane-2,4-dione in acetate buffer, 5.1(A) [Table
5.11 was monitored over six hours and a spectrum  recorded every 
20 m inutes. A careful exam ination of the spectra revealed that, 
ap a rt from the reac tan t peaks which dim inish in in tensity  with 
time, and the product peaks which increase in intensity with time, 
there  are a  c luster of peaks wh ich grow to a  m ax im um  and 
gradually dim inish to zero intensity  with time. The la tte r peaks 
were all assigned to a single interm ediate species formed in the 
above reaction, since they all appear, grow to a  m ax im um  and 
disappear from the spectra at the same time.
A clue to the natu re  of the interm ediate species formed in 
the ALA : pentane-2,4-dione reaction was a  peak a t 6  167.1 which 
lies in the i^C  NMR chem ical sh ift range for the  im ines and 
enam ines.^® On the basis of the above evidence, three tautom eric 
struc tu res may be considered as possible interm ediates, formed in 
the  course of the above reaction: the keto-im ine or ketim ine 
in term ediate, the keto-enam ine or enam inoketone in term ediate 
and the enol-imine or enimine intermediate (Fig. 5.1).
The enam inoketone and enim ine in term ed iates probably 
exist in solution as the more stable hydrogen bonded forms, as
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illustrated in Fig. 5.2.
Numerous tautom eric equilibria are fast w ith respect to the 
NMR tim e scale and  the observed chem ical sh ifts  rep resen t 
weighted averages over the Ô values of the individual species.
NMR spectroscopy alone does not give any conclusive evidence as 
to w h ich of the  above th ree  tau tom eric  possib ilities is the 
predom inant one in solution, nor does it specify the favoured 
tautom eric equilibrium. The determination th a t the enam inoketone 
is the favoured tautom eric form of the interm ediate species was 
greatly facilitated by the use of i^N NMR spectroscopy. This is 
discussed in detail in Section 5.2.4.
The spectral changes of the reac tan ts , in term ediate 
and product with time are illustrated in Fig. 5.3(a and b). Fig. 5.4 
and  Fig. 5.5 respectively. It should  be noted th a t the sh o rt 
accum ulation time of 15 m inutes and 31 seconds for each spectrum  
was not sufficient to detect the peaks of the m inor product of the 
reaction, the Fischer-Fink product. The spectral changes were 
recorded over a period of 6  hours only, although the reaction was 
not complete a t th is stage, because the products sa tu ra te  the 
reaction mixture and come out of solution as a  solid. As a  result, 
uniform  shim m ing could not be attained over the entire reaction 
m ixture and no significant spectral changes were noted after th is 
tim e.
As illustrated in Fig. 5 .3 (a and b), the in tensities of the 
reac tan t peaks, th a t of ALA and the keto and enol isom ers of 
pentane-2,4-dione respectively, decrease gradually with time. The 
in tensities of the peaks of the enam inoketone interm ediate grow 
to a  maximum and then  gradually decrease in intensity with time 
(Fig. 5.4). The in tensities of the peaks of the Knorr product,
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3-acetyl-4-(2-carboxyethyl)-2-methylpyrrole are zero or alm ost zero 
to s ta rt w ith, and then  increase steadily in intensity until 2 1 / 2  hours 
after m ixing the reactants. At th is stage, the products sa tu ra te  or 
possibly supersaturate the solution and come out as a  solid. From 
then  on, the concentration of the products in solution decreases 
and this is illustrated in Fig. 5.5.
The above NMR experim ent was repeated in four more 
acetic acid-sodium acetate buffer solutions [5.1(B) to 5.1(E)] whose 
pHs a t 40 °C are listed in Table 5.1. No interm ediate other than  the 
enam inoketone interm ediate was detected a t these different pHs, 
although the reaction between ALA and pentane-2 ,4-d ione was 
found to get progressively slower with increasing hydrogen ion 
concentration. This is anticipated, since with increasing acidity of 
the reaction m ixture, the am ino group of ALA is progressively 
converted into its protonated form. A protonated am ino group is 
no t nucleophilic and as a result, the rate of condensation of ALA 
w ith pentane-2 ,4-d ione decreases as the pH of the  reaction  
m ixture is lowered.
The above NMR experiment was also repeated using a 1:1 
m ixture of [4-i3c]ALA.HCl (50% enriched) and pentane-2,4-dione 
in acetate buffer, 5.1(A) [Table 5.1], Even a t th is enrichm ent of 
ALA.HCl, no in te rm ed ia te  o th er th a n  th e  enam in o k e to n e  
interm ediate was detected in the course of the reaction. The very 
fact th a t the enam inoketone interm ediate accum ulates to such  a 
level, th a t it can be detected by NMR spectroscopy suggests th a t 
the next step m ust be the rate limiting step of the reaction.
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5.2 .4  Mechanistic investigation of the condensation of ALA with 
pentane-2,4-dione by NMR spectroscopy.
To the extent th a t 15]  ^ NMR constitu tes a  good m ethod of 
structu re  elucidation, it can be of m uch help in the identification of 
interm ediates and final products of various reactions.
A schem atic  rep resen tation  of the  I^ H  NMR chem ical 
shifts^^*^^ of am ine hydrochlorides, enam inoketones, pyrroles and 
im ines w ith respect to external n itrom ethane (neat), se t a t 
Ô 380,23 is illustrated in Fig. 5.6.
am ine hydrochlorides
enam inoketones
pyrroles
H + +
im ines
+ +
500 450 400 350 300 250 200
6/ppm
150 100 50
Figure 5 .6 Schematic representation of the NMR chemical sh ifts of am ine 
hydrochlorides, enam inoketones, pyrroles and imines with respect to external 
nitromethane (neat) set a t 6380.23.
The i^N chem ical sh ift range for am ine hydrochlorides, 
enam inoketones, pyrroles and imines lies between 15 and 75 ppm, 
80 and  125 ppm, 125 am d 165 ppm  and 305 and  365 ppm  
respectively. Since the  i^N chem ical sh ift range of enam ino­
ketones and im ines lie approximately 200 ppm apart, ^^N NMR 
spectroscopy can readily distinguish between an enam inoketone
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Figure 5.7 decoupled 30.412 MHz NMR spectra: (A) I^ ®NJALA.HCI (50% enriched) (1.5 mmol) in acetate buffer, pH 5.86. (B-D) [^ ®N]ALA-HC1 (50% enriched) (1.5 mmol) and pentane- 2,4-dione (1.5 mmol) in acetate buffer. pH 5.86, 7, 25 and 105 minutes respectively after mixing the two reactants. (E) A saturated solution of the Knorr and Fischer-Fink products of the al^ve reaction in methanol. All spectra were acquired using a CDgOD capillary insert.
and an imine species. It th u s  seems possible th a t NMR can 
unam b iguously determine the nature of the interm ediate species or 
a t least specify the favoured tautomeric equilibrium of the possible 
interm ediates, in the reaction between ALA and pentane-2,4-dione.
To investigate the above possibility, the reaction of a 1:1 
m ixture of [i^NlALA.HCl (50% enriched) and pentane-2,4-dione in 
aceta te  buffer, 5.1(A) [Table 5.1], was m onitored by NMR 
spectroscopy over 2  hours and a spectrum  recorded a t definite 
intervals of time. Fig. 5.7(A) is the spectrum  of [I5]\qALA.HCl (50% 
enriched) (1.5 mmol) in acetate buffer, 5.1(A) [Table 5.1], w ith the 
resonance of the am ino group of ALA at 5 23.6. Fig. 5.7(B), (0) and 
(D) are the spectra of [15N]ALA.HC1 (50% enriched) (1.5 mmol) and 
pentane-2,4-dione (1.5 mmol), 7, 25 and 105 m inutes after mixing 
the two reac tan ts. Two peaks which can be a ttrib u ted  to an 
enam inoketone and a pyrrole nitrogen appear a t ô 105.8 and 
Ô 160.8 respectively. The in tensity  of the form er grows to a 
maximum and decreases to zero w ith time. It is therefore assigned 
to the resonance of an enam inoketone interm ediate formed during 
the course of the reaction. The intensity of the resonance at ô 160.8 
increases gradually with time and is assigned to the nitrogen atom 
of the Knorr product, 3 -acetyl-4-(2-carboxyethyl)-2-methylpyrrole, 
formed in the above reaction. As mentioned in Section 5.2.3, the 
i^N  reso n an ce  of the  F ischer-F ink  p roduct, 2-(3-carboxy- 
propanoyl)-3,5-dim ethylpyrrole is not readily detected in any 
spectrum  of the reaction m ixture, because of its low intensity. 
Fig. 5.7(E) is the spectrum  of a saturated solution of the Knorr and 
Fischer-Fink products of the above reaction in m ethanol (using a 
CD3 OD insert) after they were isolated from the reaction mixture, 
w ashed and dried. The resonance of the Knorr product appears at
170
ô 158.4 an d  th a t  of the  F ischer-F ink  p ro d u c t a t ô 155.8.
T hus, the  in te rven tion  of the enam inoketone as the  
predom inant interm ediate species (> 95%) in the reaction between 
ALA and pentane-2,4-dione is confirmed. This however, does not 
altogether rule out the ex istence of the ketim ine and enim ine 
species in solution. They may also have been formed during the 
course of the reaction, b u t tautom erise to the  more stable 
enam inoketone form. As previously m entioned, resonance and 
hydrogen bonding are attribu ted  to the greater stab ility  of the 
enam inoketone interm ediate.
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Figure 5.8 U.V. spectral changes of the enaminoketone. S, (0.25 pmol) (Scheme 
5.1), added to acetate buffer (3 ml), pH 3.86, at 40 ®C. 0 Is the trace of S obtained 
at zero time, «> that at 10 half-lives and P that of 3-(2-carboxyethyl)-5-methy 1- 
4 -trifluoroacetylpyrrole, P, (0.375 pmol) (Scheme 5.1), added to acetate buffer 
(3 ml), pH 3.86, at 40 '’C.
5.2.5 Kinetic investigation of the formation of 3-(2-carboxyethyl)- 
5-methyl-4-trifluoroaeetylpyiTole.
It was mentioned at the beginning of this chapter, th a t ALA 
condenses with l,l,l-trif lu o ro p en tan e-2 ,4-dione in acetate buffer, 
a t room tem perature, to form an enam inoketone interm ediate, S, 
w hich cyclises to 3-(2-carboxyethyl)-5-m ethyl-4-trifluoroacetyl- 
pyrrole, P, when refluxed in the same buffer (Scheme 5.1). Since S 
was readily isolated from the reaction m ixture as a solid, the 
mechanism of its cyclisation to P in acetate buffer was investigated.
A solution of S in acetate buffer has an intense U.V. absorption 
at A. = 317.6 nm, whereas an equilvalent molecular am ount of P in 
acetate buffer has a  m uch weaker absorption at 1  = 268.0 nm. In 
order to determine if the cyclisation of S to P proceeded a t 40 °C, 
the U.V. spectral changes of S (10 |iil of a 0.025 M solution of S in 
methanol) added to acetate buffer (3 ml, pH 3.86, ionic strength, 
1 = 0.05 M) were m onitored regularly. The resu lts  of a plot of 
absorption over a spectral w idth of 1 = 200 nm to A, = 450 nm  are 
displayed in Fig. 5.8. The first trace (marked 0 in Fig. 5.8) was 
obtained at zero time, immediately after adding S to acetate buffer 
contained in a quartz cell, which was thermostated a t 40 °C for half 
an hour previously. Each successive trace thereafter, was obtained 
a t hourly intervals of time, with the last trace (marked in Fig. 5.8) 
having been obtained a t 10 half-lives. The traces from zero to 10 
half-lives show a steady decrease in their maximum absorption at 
A. = 317.6 nm and a  gradual increase in a second absorption, at 
A, = 268.0 nm. This corresponds to the conversion of S (with an 
absorption at A, = 317.6 nm) to P (with an absorption a t A. = 268 .0  
nm) in acetate buffer a t 40 °C. This was further confirmed by a 
com parison of the absorption of S at 10 half-lives w ith the dotted
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line trace (Fig. 5.8). The latter is the absorption of P (15 gl of a 
0.025 M solution in methanol) added to acetate  buffer (3 ml, 
pH 3.86, ionic strength, 1 = 0.05) contained a  quartz cell which had 
been therm ostated a t 40 °C for half an hour previously. P has an 
absorption maximum at A, = 268.0 nm and its absorption spectrum  
is similar to tha t of S in acetate buffer obtained at 40 a t 10 half- 
lives.
5 .2 .5 .1  Effect of hydrogen ion concentration on th e rate of 
formation of 3-(2-carboxyethyl)"5-methyl-4-trifluoroacetyl- 
pyrrole.
In order to investigate the mechanism of cyclisation of S to P 
(Scheme 5.1), the above reaction was probed a t different hydrogen 
ion concen trations, by m onitoring the d isappearance of the 
absorption of S a t different pHs. Acetate buffers of five different 
pHs, b u t of constant ionic strength, 1 = 0.05 M, were prepared as 
listed in Table 5.2.
Table 5 .2  pH of acetic acid-sodlum acetate buffer solutions. 10 ml mixtures of 
xm l 1 M AcOH and ym l 1 M Na0 Ac.3H2 0 .
Sample AcOH (x ml of 1 M)
NaOAc.OHgO
(y ml of 1 M) pH at 40
[Na0Ac.3H20]/M IKClj/M
5.2 (A) 9.0 1.0 3.86 0.01 0.04
5.2 (B) 8.0 2.0 4.16 0 .02 0.03
5.2 (Cl 7.0 3.0 4.43 0.03 0 .02
5.2 (D) 6.0 4.0 4.61 0.04 0.01
5.2 (E) 5.0 5.0 4.74 0.05 0 .00
A stock solution of 0.025 M S in methanol was prepared,
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5 fil of th is  solution w as added to 3 ml of each aceta te  buffer 
solution, 5.2(A) to 5.2(E) (Table 5.2), therm ostated a t 40 °C in a  
quartz cell and absorbances recorded a t regular intervals of time a t 
a  fixed wavelength of A. = 317.6 nm. A plot of 3 + ln(At-Ax,) versus 
time for the cyclisation of S to P in each of the above acetate buffer 
solutions, was found to be linear and the resu lts are displayed in 
Fig. 5.9. The slopes of these  stra igh t lines are the  experim ental 
pseudo first-order rate constants, for the transform ation of S 
to P in the respective buffer solutions.
Figure 5 .9  Plot of 3 + In(A^-Aj versus time for the cyclisation of S to P in 
acetate buffers 5.2(A) to 5.2(E) (Table 5.2).
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The pH, hydron ium  ion concen tration , [HgO^] and the 
experim ental pseudo first-order rate constant, for the
cyclisation of S to P in acetate buffers 5.2(A) to 5.2(E) (Table 5.2) 
are listed in Table 5.2(A).
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Table 5.2(A) The experimental pseudo first-order rate constants, for the 
cyclisation of S to P in acetate buffers 5.2(A) to 5.2(E) (Table 5.2).
Sam ple pH at 40 “C (HgO'*’] = antilog[-pH] lOSxiHgOVM l O ^ x l ^ b s / h - l
5.2 (A) 3.86 1.38 X 10^ 13.80 39.5
5.2 (B) 4.16 6.92 X 10-5 6.92 24.7
5.2 (C) 4.43 3.72 X 10-5 3.72 18.0
5.2 (D) 4.61 2.45 X 10-5 2.45 15.9
5.2 (E) 4.74 1.82 X 10-5 1.82 14.0
A plot of 102 X versus 1 0  ^x [H3 O'*'] (Fig 5.10) is a  stra ight 
line, suggesting th a t  in  aqueous acidic solution, for the
cyclisation of S to P is linearly dependent upon
Figure 5.10 Rate of cydisation of S to P in aqueous acidic solution, at 40 °C.
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lOSxfHgOl/M
The slope of the stra igh t line gives k^, which is the second 
order catalytic constant for the reaction catalysed by (HgO^].
E xtrapolation  of the s tra ig h t line reveals, th a t  for th is
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p articu lar transform ation, when = 0 , = 0.103 h-i,
suggesting th a t there is a  significant am ount of 'background' or 
spontaneous' reaction, uncatalysed by hydronium  ions, k^ is the 
first order rate constant for the uncatalysed reaction.
Thus from the above graph,
< b s  = + kH[H30+],
slope = kpi = 2.15 X 10^ 1 mol  ^ h-l, 
in tercep t = k" = 0.103 h"i.
The rate  law for the above transform ation is given by the 
following equations,
^ ^  = koISI + k„tH3 0 l[S l 
or, at constant pH,
w here.
C s  = + kH[H3 0 +]
The source of the protons contributing to the total hydronium 
ion concentration is acetic acid, and it contributes to an extent 
determ ined by the m agnitude of its dissociation constant. The 
catalytic effect of the unionised weak acid, acetic acid however, 
m ust be assessed separately.
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The acidity constant K^coh of acetic acid,
AcOH + HgO H3 O+ + AcO
is given by
K/ [H.O ][AcO‘I[AcOH]
It follows from this that,
therefore.
or.
w here
[:3 O I = KacohIAcOH] 
[AcO]
pH = -log[H30l  = pKaooh -
pH = p Kacoh - log r
r  = = the buffer ratio.[AcO I
It is therefore possible to vary the absolute value of [AcOH] i.e. 
the buffer concentration, a t constant pH, provided the buffer ratio, 
r, and the ionic strength, 1, are kept constant.
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5.2 .5 .2  Effect of buffer concentration on the rate of formation of 
3-(2-carboayethyl)>5-methyl-4-trifluoroacetylpyrrole.
In order to investigate w hat effect if any, acetic acid had on 
the rate  of cyclisation of S, a series of two experim ents were 
conducted, using buffers of constant buffer ratio, r, in each case. 
The ionic strength, 1, of the buffer solutions were m a inta ined a t 
0.1 M by the addition of KCl (Tables 5.3 and 5.4).
Table 5.3 Acetic acid-sodium acetate buffer solutions of pH 3.87; r= 9 , 1 = 0.1.
Sample AcOH (xml of 0.5 M)
Na0Ac.3H20 
(y ml of 0.5 M) [AcOH]/M
INa0 Ac.3 H2 0 ]/M IKCII/M 
in 10 ml
5.3 (A) 90.0 10.0 0.45 0.05 0.05
5.3 (B) 8  ml of sample 5.3(A) diluted to 10 ml 0.36 0.04 0.06
5.3 (C) 6  ml of sample 5.3(A) diluted to 10 ml 0.27 0.03 0.07
5.3 (D) 4 ml of sample 5.3(A) diluted to 10 ml 0.18 0 .02 0.08
5.3 (E) 2 ml of sample 5.3(A) diluted to 10 ml 0.09 0.01 0.09
Table 5 .4  Acetic acid-sodium acetate buffer solutions of pH 4.20; r  = 4, 1 = 0.1.
Sample AcOH (xml of 0.5 M)
Na0Ac.3H20 
(y ml of 0.5 M) [AcOHJ/M
INa0Ac.3H20]/M IKCll/M 
in 10 ml
5.4 (A) 90.0 10.0 0.40 0.10 0.00
5.4 (B) 8  ml of sample 5.4(A) diluted to 10 ml 0.32 0.08 0.02
5.4 (C) 6  ml of sample 5.4(A) diluted to 10 ml 0.24 0.06 0.04
5.4 (D) 4 ml of sample 5.4(A) diluted to 10 ml 0.16 0.04 0.06
5.4 (E) 2 ml of sample 5.4(A) diluted to 10 ml 0.08 0.02 0.08
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As in the previous experiments, S (5 pi of a  0.025 M solution 
of S in methanol) was added to acetate buffer (3 ml), therm ostated 
a t 40 °C and absorbances recorded at regular intervals of time, a t a  
fixed wavelength of X = 317.6 nm. A plot of 3 + InfA^-A^) versus time 
for the cyclisation of S to P in each of the acetate buffer solutions, 
5.3(A) to 5.3(E) (Table 5.3), of pH 3.87 and buffer ratio 9 was found 
to be linear. The slopes of the stra ight lines, were calculated
to be 0.413 h 'l ,  0 .415 h “i, 0.418 h ”i, 0.415 h “i and  0.414 h"i 
respectively. A sim ilar plot for the cyclisation of S to P in each of 
the  acetate buffer solutions, 5.4(A) to 5.4(E) (Table 5.4), of pH 4.20 
and  buffer ratio 4 was also found to be linear. The slopes of the 
s tra igh t lines, k"^g, were calculated to be 0.278 h - i , 0 .280 h -i, 
0.280 h~i, 0.280 li-i, and 0.280 h~i respectively.
Thus, the experim ental pseudo first-order ra te  constan ts , 
^obs’ the cyclisation of S to P in acetic ac id-sodium  acetate 
buffer solutions at a constant buffer ratio, r, and pH, were found to 
be independent of the acetic acid concentration. The resu lts of the 
plot of 102 X k"^g versus [AcOH] for buffer solutions of pH 3.87, 
r  = 9 and of pH 4.20, r  = 4 are displayed in Fig. 5.11.
Figure 5.11 Plot of 10  ^x versus [AcOH] for the cyclisation of S.
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The cyclisation of S to P is therefore catalysed by hydronium 
ions b u t not by undissociated weak Bronsted acids such  as acetic 
acid. i.e. the above transformation is specific acid catalysed.
5 .2 .5 .3  Proposed m echanism  for the hydronium ion catalysed  
form ation of 3-(2-carboxyethyI)-5-m ethyl-4-trifluoro- 
acetylpyrrole.
From the foregoing kinetic evidence, it can be concluded th a t 
the transition state in the hydronium ion catalysed cyclisation of S 
to P comprises a molecule of S plus proton.
The proposed m echanism  for the hydronium  ion catalysed 
cyclisation of S to P is illustrated  in Scheme 5.5, where for 
convenience, S is written as the non-hydrogen bonded structure.
Thus by this route,
S + AcOH - SH+ + AcO' ; K = '(S][AcOHl
SH+
Therefore,
r.d.s
d[Pl = k[SH+]
But,
d t
= kK[S][AcQH] 
[AcO]
AcOH + HgO - H3 O+ + AcO-
[HgO'KAcO' 
= [ACOH]
1 8 0
•N
Ü"i
C'ii
: X  - H
Ü"i
Ü“i
Figure 5.12 U.V. spectral changes of the enamlnoketone. S, (0.25 pmcl) (Scheme 
5.1), added to water (3 ml), at 40 °C. 0 is the trace of S obtained at zero time, 
th a t at 10 half-lives and P tha t of 3-(2-carboxyethyl)-5-methyl-4-trifluoro- 
acetylpynole, P, (0.375 pmol) (Scheme 5.1), added to water (3 ml), at40®C.
Therefore, by this route,
d [P ]  k K lS llH gO "
^AcOH
= k„[S][H3 0 -^ ]
Thus the above m echanism  which involves rapid protonation 
of the substra te , S, as a pre-equilibrium , followed by the rate 
determ ining step, not involving proton transfer, leads to a specific 
ac id-catalysis rate law, even when the undissociated weak acid, 
acetic acid, contributes directly in the pre -equilibrium.
5 .2 .5 .4  The water catalysed formation of 3-(2-carboxyethyl)-5- 
methyl-4-trifluoroacetylpyrrole.
The cyclisation of S to P (Scheme 5.1) in aqueous acidic 
solution, was shown in Section 5.2.5.2 to involve a significant 
am ount of 'spontaneous' reaction, uncatalysed by hydronium ions. In 
order to investigate if th is 'spontaneous' reaction is due to neutral 
w ater catalysis, the U.V. spectral changes of S (10 pi of a 0.025 M 
solution of S in methanol) added to water (3 ml) were monitored a t 
hourly intervals of time. The results of a plot of absorption over a 
spectral w idth of 1 = 200 nm to 1 = 450 nm (Fig. 5.12) were similar 
to th a t obtained in acetate buffer, pH 3.86, (Fig. 5.8) although as 
anticipated, the former reaction was found to be slower than  the 
latter. This then suggests tha t the spontaneous cyclisation of S to P 
is a water catalysed reaction.
In order to determine the rate of cyclisation of S in water, S 
(5 pi of a 0.025 M solution in methanol) was added to water (3 ml), 
therm ostated at 40 °C in a  quartz cell and absorbances recorded at
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regular intervals of time, a t a  fixed wavelength of A, = 317.6 nm. A 
plot of 3 + ln(A^-Aoo) versus time for the cyclisation of S to P in 
w ater was found to be linear and the result is displayed in Fig. 5.13.
Figure 5 .13  Plot of 3 + ln(Aj.-AJ versus time for the cyclisation of S to P In 
water at 40 °C.
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The slope of this stra ight line is the first-order rate constant, 
ko, for the w ater catalysed reaction. The value of k", calculated from 
the above graph was found to be 0.102 h-F This is identical to the 
value of the intercept in Fig. 5.10, which was shown to be the first- 
order rate  constant, k", for the 'spontaneous' reaction. The above 
evidence confirms the fact, th a t the mode th a t was previously 
described as spontaneous', is indeed a  w ater-induced cyclisation of 
the substrate, S.
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5.2 .5  5 Solvent kinetic isotope effect on the rate of formation of 
3-(2-carboxyethyl)-5-methyl-4-trifiuoroacetylpyrrole.
In order to determ ine if the water catalysed cyclisation of S 
exhibited any solvent kinetic isotope effect, the above reaction was 
repeated using DgO (3 ml) in the quartz cell instead of H2 O. A plot 
of 3 + ln(At-A^) versus time for the cyclisation of S to P in D2 O 
(Fig. 5.14) was found to be linear. The slope of th is stra ight line is 
the first order rate constant, for the deuterium  oxide catalysed 
reaction, the value of which was calculated to be 0.052 h -h
Figure 5.14 Plot of 3 + ln(A^ -A*>) versus time for the cyclisation of S to P in 
deuterium oxide at 40 ®C.
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Thus the solvent isotope effect for the neu tral w ater reaction 
is given by.
_ 0.103 
0.052 = 1.98
The very fact th a t the w ater catalysed cyclisation of S to P 
exhibits a  deuterium  isotope effect with a su b stan tia l prim ary
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contribu tion , suggests th a t the ra te  determ ining step  of the  
reaction involves protonation of the substrate by the solvent.
In order to explain the water-induced reaction, a m echanism  
is proposed in which water itself acts as a general acid, with proton 
transfer from a  molecule of water to the substra te  occuring in the 
rate limiting step of the reaction (Scheme 5 .6 ).
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Thus by this route,
S + HgO ------------- 8 H+ + OH"r.d.s
SH+ fast  ^ p
Therefore,
^  = k[Sl[H2 0 ]
= ko [SI
where kg is the first-order rate constant for the w ater catalysed 
cyclisation of S.
Thus according to the mechanisms illustrated in Schemes 5.5 
and 5.6, for the hydronium ion and water catalysed cyclisations of S 
to P respectively, the overall forward rate for the cyclisation of S is 
given by.
-d[S]
or, at constant pH,
I P  = koiS] + kHlHgO+IIS]
w here.
kobs = k" + k„[H3 0 l
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Since the acid catalysed cyclisation of S to P involves transfer 
of a  pro ton  from one species to another (Scheme 5.5), it is 
anticipated th a t the substitution of H2 O by D2 O will affect both the 
rate and equilibrium constant of the above process.
T hus, the experim ent described in Section 5 .2 .5 .1  w as 
repeated using deuteriated equivalents of all solvents and anhydrous 
sodium  acetate instead of its hydrated form. Stock solutions of 
0.1 M AcOD in D2 O (99.8%) and 0.1 M NaOAc in D2 O (99.8%) were 
prepared and appropriately mixed, to give three different acetic 
acid-sodium acetate buffers, whose pD values at 40 °C Eire listed in 
Table 5.5. The ionic strength of each of these buffer solutions were 
m aintained at 0.05 M by the addition of KCl.
Table 5 .5  pD of acetic acid-sodium acetate buffer solutions. 10 ml mixtures of 
xm l 1 M AcOD and y ml 1 M NaOAc.
Sample AcOD (x ml of 1 M)
NaOAc 
(y ml of 1 M) pD at 40 [NaOAcj/M [KClj/M
5.5(A) 9.0 1.0 4.34 0.01 0.04
5.5 (B) 8.0 2.0 4.69 0 .02 0.03
5.5 (C) 7.0 3.0 4.90 0.03 0 .02
As in the previous experiments, S (5 pi of a  0.025 M solution 
in methanol) was added to acetate buffer, (3 ml), therm ostated a t 
40 °C, and absorbances recorded at regular intervals of time a t a  
fixed wavelength of À = 317.6 nm. A plot of 3 + ln(A^-A^) versus time 
for the cyclisation of S to P in each of the acetate buffer solutions 
5.5(A) to 5.5(C) (Table 5.5) was found to be linear and the resu lts 
are displayed in Fig. 5.15. The slopes of these stra ight lines are the
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Dexperim ental pseudo firs t-o rder ra te  co n stan ts , the
cyclisation of S to P in the respective deuteriated acetate buffer 
solutions.
Figure 5 .1 5  Plot of 3 + InlA -^A^J versus time for the cyclisation of S to P in 
deuteriated acetate buffers 5.5(A3 to 5.5(C) (Table 5.5).
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The pD, deu teron ium  ion concentration , [DgO^] and the 
experim ental pseudo firs t-o rd er ra te  co n stan t, for the
cyclisation of S to P in the deuteriated acetate buffer solutions 
5.5(A) to 5.5(C) are listed in Table 5.5(A).
Table 5.5(A) The experimental pseudo first order rate constants, for the 
cyclisation of S to P in deuteriated acetate buffers 5.5(A) to 5.5(C) fTable 5.5).
Sam ple pD at 40 ®C (DgO'*’] = antilog (-pD| 105x (D3O I/M W x k L /h - '
5.5 (A) 4.34 4.57 X 10-5 4.57 19.4
5.5 (B) 4.69 2.04 X  10-5 2.04 12.0
5.5 (C) 4.90 1.26 X 10-5 1.26 8.9
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A plot of 102 X versus 1Q5 x [DgO^] (Fig.5.16) is a stra ight 
line, the  slope of w hich gives k^, which is the  second order 
catalytic constant for the reaction catalysed by [DgO^]. The value of 
kg, calculated from the graph is 3.11 x 1 0 ^ 1 mol-i h -i. Extrapolation 
of th e  s tra ig h t line reveals th a t  w hen [DgO^l = 0 , k^ j^  ^ = k^ = 
0.052 h -i. This in fact was the rate obtained for the cyclisation of S 
to P in deuterium  oxide.
Figure 5.16 Rate of cyclisation of S to P in deuteriated acidic solution, at 40 °C.
20 -
12 -
4-
0.0 1.0 2.0 3.0 4.0
lO^xIDgOl/M
The solvent isotope effect for the reaction  catalysed by 
oxonium ions is given by,
k» 2.15 X 10^
kg = 0.693.11 X 10'
Thus the acceleration of rate by oxonium ions due to the use 
of D2 O as solvent is 1.45.
For the autoprotolysis (dissociation) of water itself, the overall 
equilibrium effect is a  complex term .^^'^^
2 H2 O HgO"" + OH"
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Kap = [H3 O+KOH-]
K ^ /K ^  = 7.47( 0.24), where D = 2h .
Since deuterium  oxide has a smaller autoprotolysis constant 
th a n  w ater, it is believed to be less basic th an  w a t e r . T h e  
apparent lower basicity of deuterium oxide is caused a t least in part 
by the decrease in the H-O stretching force constant in going from 
w ater to oxonium ion which is observed in the I.R. spectrum . 
Thus, the zero point energies of H-O and D-O bonds are closer in 
the ion th an  in water, m ak ing equilibrium toward the ion less 
favourable in DgO than in HgO.
Because of the lower basicity of deuterium  oxide compared 
with ordinary water, the substrate, S, is able to compete with the 
solvent for the deuteron in DgO more effectively than  for the proton 
in HgO. Since the concentration of the conjugate acid of the 
substrate, SH"", will then be higher in DgO, the rate of cyclisation of 
S due to oxonium ions will be higher in DgO than  in HgO.
The w ater induced reaction on the otherhand is slower in 
DgO th an  in HgO, because the bond from oxygen to one of the 
isotopically substitu ted  atom s is broken in the rate  determ ining 
step  of the reaction, as a resu lt of which there is a  prim ary 
contribution to the solvent isotope effect.
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5 .2 .5 . 6  Proposed m echanism  for the condensation of ALA and
5-methyl-ALA with carbonyl compounds.
The condensation of ALA with 1,1,1 -triflnoropentane-2 ,4- 
dione and w ith pen tane-2 ,4-d ione have both  been show n to 
proceed via  the  corresponding enam inoketone in te rm ed ia te . 
Although not detected, the condensation of ALA with the carbonyl 
com pounds discussed  in C hapter 4 and the condensation  of 
5-methyl-ALA with pentane-2,4-dione and with 3-m ethylpentane-
2,4-dione are all assum ed to proceed via  an enam inoketone 
interm ediate. The proposed m echanism  for the form ation of the 
enam inoketone intermediate has been discussed in Chapter 4.
On the bas is  of the kinetic evidence obta ined  for the 
cyclisation of the enam inoketone interm ediate, S, in the reaction 
between ALA and 1,1,1 -trifluoropentane-2,4-dione, (Scheme 5.1) 
the  general m echanism  proposed for the cyclisation of the 
enam inoketone interm ediate is illustrated in Scheme 5.7.
It is reasonable to assum e th a t in aqueous acidic solution, 
there is a rapid pre-equilibrium proton transfer to the free carbonyl 
oxygens of the enam inoketone intermediate, to form its conjugate 
acid (I) (Scheme 5.7). The degree to which the  two carbonyl 
oxygens of the enam inoketone are protonated however, depends to 
a large extent on the nature of the substituent R i. The interm ediate 
I exists in solution, in equilibrium with its enol form, (II) (Scheme
5.7). I and II undergo separate cyclisation pathways (path A and 
p a th  B) to form the Knorr and the F ischer-F ink  p roducts  
respectively. Path A however, is followed only when R2 = H because 
only then can interm ediate I aromatise to form the Knorr product. 
I, in a  slow step undergoes a shift of its nitrogen lone pair to form 
the cyclic interm ediate la. la  in subsequent fast steps loses a
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molecule of water to form either Ib or Ic which then  loses a  proton 
to form the Knorr product.
The first step in the cyclisation of interm ediate II, is the loss 
of its enolic proton in a slow step to form Ila, which then  loses a 
molecule of w ater (R3 = H) in a  fast step to form the Fisher-Fink 
product.
The course followed by the individual reactions, depends to a 
large extent, on the nature of the substituents, Ri, R^ and R^ of the 
enam inoketone interm ediate. When R2 = H, R3 = H and Ri = CFg or 
OEt, i.e. for the condensation of ALA with 1,1,1 -trifluoropentane-
2,4-dione and with ethyl acetoacetate respectively, the reaction 
follows p a th  A to form the Knorr product exclusively. This is 
believed to be the resu lt of the electron-withdraw ing effect of the 
CFg and OEt groups which reduces electron density on the adjacent 
carbonyl oxygen. Consequently, the latter becomes less susceptible 
to protonation and path  B is hindered.
W hen R2 = H, R^ = H and Ri = CHg or Et, i.e. for the 
condensation of ALA with pentane-2,4-dione and with hexane-2,4- 
dione, 95% of the enam inoketone follows path  A to form the Knorr 
product and 5% the enam inoketone follows p a th  B to form the 
F ischer-F ink  product. This then  suggests th a t the equ ilibrium  
between I and II lies in favour of I. A possible explanation of the 
above fact, is th a t the cyclisation of I to la is faster relative to its 
énolisation to form II as a resu lt of which m ost of the reaction is 
driven along path  A. An alternative explanation is the lower basicity 
of the R ic o  carbonyl oxygen, which lies in conjugation with an 
electron withdraw ing carbon-carbon double bond, compared with 
the other carbonyl group of the enam inoketone, which is flanked by 
two m ethylene groups (R^ = H). As a result, the former is less
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susceptible to protonation than the latter, the equilibrium is shifted 
to the left-hand side and path  A is favoured.
When Ri = CHg, R3 = H and R^ = alkyl, e.g. CHg or CH(CHg)2 , 
i.e. for the condensation of ALA with 3-m ethylpentane-2,4-dione 
and  with 3-isopropylpentane-2,4-dione respectively, the reaction 
follows path  B to form the Fischer-Fink product exclusively. Path A 
in these reactions is disfavoured because interm ediate la (Scheme
5.7) loses a  molecule of w ater to form interm ediate Ib which then  
cannot arom atise to form the Knorr product. A rom atisation is 
therefore the driving force favouring path  B in the above reactions, 
leading to the exclusive formation of the Fischer-Fink product.
When Ri = CHg, R^ = H and R3 = CHg, i.e. for the condensation 
of 5-methyl-ALA with pentane-2,4-dione, the reaction follows path  
A to form the Knorr product exclusively. Path B is hindered because 
in term ediate Ila (Scheme 5.7) formed in th is  reaction, cannot 
arom atise to form the F ischer-Fink product. W hen R i = CHg, 
R2 = CHg and R^ = CHg, i.e. for the condensation of 5-methyl-ALA 
with 3-m ethylpentane-2,4-dione, path  B is hindered for precisely 
the same reason explained for the reaction between 5-methyl-ALA 
and  pentane-2 ,4-d ione. The reaction  follows p a th  A to form 
in term ediate la. la  loses a molecule of acetic acid to form Id 
(Scheme 5.8), which then arom atises to form the Knorr product.
COgH COgH COgH
CHg CHg CHg CHg
-CH,CCH T  X"' -ir  4 '  X"'
H O - I c — C - C H g  ---------------  — -----------C = = C -----------------------------------------    C -----------C/  \  h W  C \  // \
C H  ^ c  c ^  c
HgC CHg HgC CHg HgC \ h 3H H H
la Id 3-(2-carboxyethyl)-2,4,5-trlm ethylpyrrole
Scheme 5.8
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C H A P T E R  S I X
ON THE MECHANISM OF PORPHOBILINOGEN
BIOSYNTHESIS
6.1 Introduction.
The enzyme ALA dehydratase (EC 4,2.1.24) has been isolated 
from m any bacterial, plant, avian, and mammalian sources. These 
include the  bac ter ia  R h o d o pseudom onas s p h e r o i d s , and 
Rhodopseudomonas capsulata,^ the fungus Ustilago sphaerogena,^ 
yeast [Saccharomyces cerevisiae),^ spinach,^ tobacco® and wheat® 
leaves, soyabean callus t i s s u e s ,c h ic k e n  erythrocytes,^^ bovine 
and mouse^®’^^ liver, ra t harderian gland,^® r a b b i t a n d  hum an 
erythrocytes, and guinea pig liver and erythrocytes.^®
Although the enzymes from different sources have not been 
purified to the sam e degree, an analysis of the published d a ta  
reveals th a t the specific activities of the enzyme vary widely. It 
appears th a t the bacterial enzymes are more active than  those from 
eukaryotic organisms. It is also of interest to note th a t fetal mouse 
liver enzyme is twice as active as adult mouse liver enzyme.
The Kjg values for various preparations are similar. The at 
pH 6 . 8  and 37 °C is 0.4 mM for the mouse liver enzyme. This may 
be compared with 0.15 mM for the bovine liver enzyme^®’ and 
0 .5  mM for the enzyme prepared  from chicken and  rab b it 
erythrocytes.^^ A value of 0.083 mM for the enzyme prepared from 
hum an  erythrocytes was found in the complete absence of haem, 
while 0 .32 mM w as obta ined for sim ilar prepara tions in  the  
presence of haem.®® The Kjg at pH 8.5 and 37 °C for the enzyme 
from R hodopseudom onas sphero ids  has been reported to be 
0.7 mM.^
With the exception of the enzyme from R hodopseudom onas  
spheroids, a plot of enzymic activity versus substrate concentration 
for the enzymes from all the other sources gives a  hyperbolic 
satu ra tion  curve. A similar curve is also obtained with the enzyme
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from Rhodopseudom onas spheroids in the presence of K"* ions.® 
However, in the absence of K"" ions, with this enzyme, a sigmoidal 
curve is obtained, dem onstrating the cooperative homotropic effect 
of the substrate. Under the latter conditions, the maximum velocity 
found at a  substrate concentration of 0.05 M is only about one-half 
th a t found in the presence of k"" ions.
The properties of the partially purified enzymes have been 
tabulated.®^ It appears tha t at least 1000-fold purification of a crude 
homogenate of the mammalian liver ALA dehydratase is required to 
achieve homogeneity.
N andi and  S hem in , w orking on th e  enzym e from 
Rhodopseudom onas spheroids, dem onstrated th a t a  Schiffs base 
forms between ALA and the enzyme a t the active site lysine residue. 
These workers®® showed that ALA could be irreversibly bound to 
the enzyme by NaB>^ reduction of the Schiff base to a  secondary 
am ine. This led to concomitant loss of enzyme activity, and if i"Re­
labelled substrate  is used, the inactivation is accompanied by the 
incorporation  of label into the  enzyme protein . Schiff base 
formation with the active site lysine residue was also dem onstrated 
with other y-keto acids, such as levulinic acid, ethyl levulinate, 
N-acetyl-ALA, b u t not with 4-ketoglutaric acid®® (Fig. 6.1).
COg COg COg"\ \ \CHg CHg CH2/ / /CHg CHg CHg\ \ \c = o c = o c=o/ / /CHg CHg c=o\  + \ \  _NH^ H o
ALA levulinic acid 4-ketoglutaric
Figure 6.1 Comparison of the structures of some 4-ketoacids.
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These findings show th a t the site occupied by the am ino 
methyl group of ALA, covalently linked to the enzyme, is unable to 
accom odate  a  carboxyl group. Nandi and Shemin®® also 
dem onstrated th a t although both levulinic acid and ethyl levulinate 
form Schiff bases w ith the enzyme, only the free acid acts as a  
competitive inhibitor. Lack of inhibition by ethyl levulinate was eilso 
consistent with the findings of Nandi and Shemin®® th a t the ethyl 
ester of ALA is a poor substrate for the enzyme. Nandi and Shemin 
therefo re  im plied th a t the degree of su b s tra te  affin ity  is 
determ ined both  by the formation of a Schiff base and by the 
formation of an ionic bond between a positively charged group on 
the enzyme and the carboxylate ion in p-position to the carbonyl 
group of the substrate.
Work w ith the bovine liver enzyme has show n th a t the 
m am m alian enzyme also forms a covalent Schiff base linkage w ith 
one of the substra te  molecules.®^’®® Jordan  and Seehra®® and 
Jordan  and Gibbs®® have used stopped-flow techniques to establish 
th a t a Schiffs base forms between the enzyme and the first ALA 
which b inds to its active site. Labelling with [S-l^cjALA and  
[5-i^C]ALA and using  the sing le-tu rnover enzyme reaction  
technique, these authors®®*®® demonstrated th a t th is ALA becomes 
the P-side of PBG in the case of the bovine liver and the hum an red 
blood cell enzyme respectively. Subsequent addition of the second 
substrate molecule to the A-side of the catalytic site eventually leads 
to the formation of PBG. This mechanism first proposed by Jordan 
and  Seehra,®®’®® differs substantially from Nandi and Shem in's 
conclusion, in which the converse order of addition of the two 
molecules of ALA to the enzyme was favoured. The approach by 
these  la tte r workers involved the use of levulinic acid, which
197
COg/COg CHg/ \CHg CHg\ /CHg--c=o/ \:C^ CHg
together with ALA yielded a 'mixed' pyrrole with the dehydratase 
from Rhodopseudomonas spheroids. Since levulinic acid was also 
shown to form a Schiff base w ith the enzyme, it was suggested 
th a t the form ation of the 'mixed' pyrrole can only occur if the 
P-methylene carbon atom  of levulinic acid condensed w ith the 
carbonyl carbon atom of ALA [Fig. 6.2(A)], for if condensation were 
to occur between the p-methylene carbon atom of ALA and the 
carbonyl carbon of levulinic acid [Fig. 6.2(B)], pyrrole formation 
would not be possible.
COg
COg %
CHg CHg\  /CHo""C=0
.  /  \E(lys)-N =c CH3"  /  H \H3C N CHg"2 /
NHg
A B
Figure 6 .2  Schemes for the formation of heterologous pyrroles from ALA and 
levulinic acid.
The conclusion therefore was th a t levulinic acid is in Schiff 
base linkage w ith the enzyme and formed the A-side of the 'mixed' 
pyrrole. It was therefore argued th a t in PEG synthesised from two 
molecules of ALA, the side carrying the acetic acid side chain is the 
molecule of ALA which was attached to the enzyme through a Schiff 
base.
The above reasoning, however, does not take into account the 
fact th a t levulinic acid could interact w ith both substra te  binding 
sites, acting as a substrate at the A-site, bu t since it has no am ino 
group like the true substrate, acting as an inhibitor a t the P-site.
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The findings of Jo rd an  and Seehra^®’^^ and Jo rd an  and 
Gibbs,®® that the first molecule of ALA which is covalently linked to 
the enzyme in the form of an enzyme-substrate Schiff base complex 
becomes the P-side of PEG, suggest th a t the enzyme inactivation 
which occurs when the enzyme is allowed to react w ith NaB?^ in 
the presence of levulinic acid,®® is as a result of the binding of the 
latter to the P-site.
12Gibson et al have shown th a t the bovine liver enzyme does 
not act on am inoacetone, G-am ino-5-ketohexanoic acid and 2 ,5 - 
diam inolevulinic acid. The formation of 'mixed' pyrroles, formed 
from ALA in the presence of any of the above com pounds, has 
however not been looked into.
In an elegant study of the inactivation of crude ra t liver ALA 
dehydratase by 4 ,6 -dioxoheptcinoic acid (succinylacetone), Tschudy
O Iet al dem onstrated th a t the latter is a highly active irreversible 
inhibitor of the enzyme. Succinylacetone is an analogue of ALA in 
which the am ino group of the latter is replaced by an acetyl group. 
The s tru c tu ra l sim ilarity to ALA suggests th a t succinylacetone 
reac ts  w ith the enzyme a t the catalytic site. This is fu rther 
confirmed by the fact th a t succinylacetone prevented the formation 
of a secondary am ine, produced by reduction of the  labelled 
enzym e-substrate complex by NaE?4 .®^  The above workers®^ also 
dem onstrated th a t of the compounds which have previously been 
known to inhibit ALA dehydratase, including EDTA,^®’®® 3-am ino-
1,2,4-triazole,®®"®® levulinic acid,®® and h em in ,^^ ’®®'®®’®® 
succinylacetone is by far the most effective inhibitor of the enzyme.
In order to determine the specificity of the second binding 
site or the A-site of the enzyme from bovine liver, the formation of 
'mixed' pyrroles was investigated, using the single-turnover enzyme
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reaction technique. In this method, stoichiometric equivalents of 
[4 -i3c]A L A .H C l (50% enriched) and hom ogeneous bovine ALA 
dehydratase were initially mixed for approximately 5 seconds, the 
reasoning being th a t all of the labelled substrate would be covalently 
bound to the enzyme a t the P-site, in the form of an enzyme- 
substrate Schiff base complex. Subsequent addition of a  large excess 
of an unlabelled substrate  analogue was used to determine if the 
bound labelled substra te  had been carried over to product, thus 
completing a  single-turnover with respect to the labelled substrate.
2 0 0
6 . 2  Experimental.
6.2.1 Materials.
ALA d eh y d ra tase . ALA.HCl, ALA.HCl (m ethyl ester), 
dithioerythreitol (DTT) and GAL-PAC powder were purchased from 
Sigma Chem ical Company. p -N .N -dim ethylam inobenzaldehyde, 
m ercuric chloride, m ethanol, 70% perchloric acid, trichloroacetic 
acid and  zinc chloride were purchased from Aldrich. [4 “i 3 c ]  
ALA.HCl, N,N-dimethyl-ALA.HCl and 5-methyl-ALA.HCl were 
syn thesised  as described in Sections 2.2.3, 3 .3 .5 .4  and 4.2.5 
respectively. Glacial acetic acid was purchased from Rhone Poulenc 
Limited and Sephadex G-50 from Pharmacia Fine Chemicals.
6.2.2 Methods.
A. Desalting of ALA dehydratase.
The bovine liver ALA dehydratase which was purchased as an 
am m onium  su lphate  suspension  (5 units), was desalted by gel 
filtration on a 10 cm long Sephadex G-50 column which had been 
equilibrated at 4 °C w ith 0.1 M KPi buffer, pH 6 .8 . The m ost active 
fractions were pooled, flash frozen in liquid nitrogen and stored at 
0 °C. A dehydratase unit is defined as the am ount of enzyme th a t 
catalyses the formation of 1 micromole of PEG, per hour, at 37 °C. 
Specific activity is defined as the m icromoles of PEG formed, per 
milligram of protein, per hour, at 37 °C.
B. Protein determination.
Protein concentrations were determ ined by reading U.V. 
absorbances at 280 nm. Values of A^% = 11.8,®^ have been reported 
using the protein determination of Lowiy.®®
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Scheme 6.1
C. ALA dehydratase activity determination.
The identification of PEG in biological m aterial depends 
prim arily  upon the coloured complex it forms w ith E hrlich ’s 
reagent^®"^^ (DMAB). The desalted enzyme (3.75 mg, 5 units) was 
made upto 1 ml in 0.1 M KPi buffer, pH 6 .8 . 0.01 ml of this enzyme 
solution was preincubated in 0.6 ml of 0.1 M KPi buffer, pH 6 .8 , 
containing 10 mM DTT and 10 pM Zn^+ for one hour a t 37 °C. 
Reaction was initiated by the addition of ALA.HCl (0.2 ml of an 
appropriate concentration) and incubation continued for definite 
periods of time. Reaction was then term inated by the addition of 
0.8 ml of 0.1 M m ercuric chloride in 20% trichloroacetic acid. 
After centrifugation, the sup ern a tan t solution was removed and 
mixed with an equal volume of modified Ehrlich 's reagent. The 
resulting colour density was m easured at 555 nm, 15 m inutes after 
mixing, against a blank made from equal volumes of the reagent and 
w ater. U nder these conditions, PEG h as an  ap p a ren t m olar 
extinction coefficient of 6 . 1  x 1 0 ^.
As mentioned in Chapter 3, on allowing a pyrrole, P, with a 
free a-position to react w ith DMAE in acid solution, a coloured 
Ehrlich colour salt, I arises (Scheme 6.1), which is decolourised by 
th iol com pounds. Nucleophilic reagents su ch  as su lphydryl 
com pounds add to the m ethine carbon to produce the colourless 
compound, II (Scheme 6.1), which is protonated in acid solution. 
The m ethod of choice to overcome sulphydryl interference is to 
form a  tight complex with a heavy metal such as @g^+.
D. Preparation of modified Ehrlich reagent.
The modified Ehrlich reagent of Mauzerall and Granick^^ is 
less convenient for general use than  the regular Ehrlich’s reagent
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(2% w /v  DMAB in 6  N HCl), since it m ust be made freshly each day. 
It is more sensitive however, and is useful when smaller am ounts of 
PEG are to be determined. It is made as follows. For the reagent, 
2 N with respect to perchloric acid, 1 g of DMAE (recrystallised 
from aqueous methanol) is dissolved in 30 ml of glacial acetic acid,
8.0 ml of 70% perchloric acid added and the solution diluted to 
50 ml with glacial acetic acid.
E. Single-tumover enzyme experiments.
For the single-turnover enzyme experim ents, desalted ALA 
dehydratase (5.68 nmol), was dissolved in 0.5 ml of 0.1 M KPi 
buffer, pH 6 .8 , containing 10 mM DTT and 10 pM Zn^+, and 
activated at 37 °C for one hour. Assuming 4 active sites per mole of 
enzyme, of which only 70% remain unoccupied,^® a  stoichiometric 
am ount of [4-i3C]ALA.HCl (50% enriched) (15.9 nmol in 0.1 ml of 
0.1 M KPi buffer, pH 6 .8 ) was then mixed with the enzyme for 
approximately 5 seconds. The resulting solution was then flushed 
with a  1 0 0 0 -fold excess of a second unlabelled substrate  analogue in 
0.1 ml of the same buffer and incubated for a  further 20 m inutes. It 
was then transferred into a 5 mm NMR tube with a D^O capillary
insert and NMR spectral acquisition started.
6.2.3 Instrumentation and General Techniques.
iH  decoupled, NMR spectra were obta ined a t 75.469 
MAz on a E ruker AM 300 spectrom eter using 32 K data  points. 
They were acquired at 37 °C, using a pulse width of 2.0 ps (3.9 ps 
for a  90 ° flip angle), a recycle time of 5.8 s and a  spectral w idth of
20.000 Hz. The therm al stab ility of ALA dehydratase enabled the 
use of elevated tem peratures (37 °C) for spectral acquisition, which
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provides a m echanism  for reducing the sample viscosity. Spectra 
were processed using an exponential line broadening of 2 Hz unless 
otherwise specified and were referenced with respect to external 
dioxane set at Ô 67,4.
Colorimetric m easurem ents were made a t room tem perature, 
w ith a Philips PU 8732 UV/Visible scanning spectrophotom eter 
fitted with a  PU 8732 cell programmer. Quartz cells of 1 cm path  
length were used for all measurements.
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6.3 Results and Discussion.
6.3.1 Formation of [3,5-i3C]PBG from [4-13C1ALA.
13c NMR was used to monitor the formation of I3,5~l3c]PBG 
from [4-13c ]ALA (50% enriched), in order to com pare the I3 c  
chem ical sh ift of the labelled carbon of P-side PEG with the 
corresponding carbon of possible 'mixed' pyrroles formed by the 
enzyme, ALA dehydratase. The reaction is illustrated in Scheme 6.2.
8 COg
7 CHg 10 COg
6 CHg 9 CHgALA dehydratase \  * /
iCOg\2 CHg COg/ \3 CHg CHg
/4 C = 0 + CHg
/ \ ;5 CHg c=o
\ /NHg CHg\ NHg
ALA ALA
3 C  C4
2 /  *HC C5
11 CHg
B /NHg
P-side A-side 
PEG
Scheme 6.2 Formation of [3,5-i%]PBG from [4-^^CjALA (50% enriched). * denotes 
i^C labelled positions.
The NMR spectrum  of [4-i3c]ALA.HCl (50% enriched) 
(7.2 pmol), in 0.1 M KPi buffer (0.5 ml), pH 6 .8 , revealed only a 
sharp singlet at Ô 204.7 (200 transients), which is attributed to the 
C4  carbonyl carbon of ALA. After a  six hour incubation of the above 
so lu tion  of labelled ALA.HCl w ith activated ALA dehydratase 
(3.75 mg, 5 units), in 0.1 M KPi buffer (0.5 ml), pH 6 .8 , containing 
10 mM DTT and 10 pM Zn^+, there arose two resonances of equal 
intensity at 122.2 and 121.1 ppm. These resonances are attributed 
to C3  and C5 of PEG respectively, on the basis of assignm ents made 
in the literature.'*^
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6.3 .2  Single-tumover enzyme experiments.
6 .3 .2 . 1  Single-turnover reaction w ith [4-13c]ALA.HCl (50% 
enriched) and levulinic acid.
The NMR spectrum  (96,000 transients) of the reaction 
m ixture, containing stoichiom etric equivalents of ALA dehydratase 
and [4-13c ]a l a .HC1 (50% enriched) together w ith a 1000-fold 
excess of levulinic acid, revealed a m inor peak a t 124.3 ppm, 
suggesting th a t the labelled su b stra te  had been carried over to 
product, as illustrated in Scheme 6.3,
COgH COgH ÇOgH\  \  \^ H g  CHg CHg COgH
CHg CHg CHg CHgV=0 .  E(lys)-N=^* levulinic a d d  ^
/  H /  / /  \CT2 CH2 HC C\  N S. ^  \NHg NHg CHgH
ALA P-side enzyme-substrateSchiff-base
* denotes ^^C-labelled positions.
Scheme 6.3
The single-turnover with levulinic acid, suggests th a t the 
la tte r b inds to the A-side binding site of ALA dehydratase like the 
true substrate, ALA.
6 .3 .2 .2  Single-turnover reaction  with [4-13c]ALA.HC1 (50% 
enriched) and N,N-dimethyl-ALA.HCl.
The ^3(2 NMR spectrum  (36,000 transients) of the reaction 
m ixture, containing stoichiom etric equivalents of ALA dehydratase 
and [4-^3q ]a lA.HC1 (50% enriched) together w ith a 1000-fold
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COgH
\ CHg COgH
/ \CHg CHg
\ /♦ c —-C
HC c
H /
N(CH3)2
excess of N,N-dimethyl-AIA.HCl. revealed no peaks in the aromatic 
spectral region, suggesting th a t the labelled substra te  had not been 
carried over to product as illustrated in Scheme 6.4.
COgH COgH\  \^ H g  ^ H g
CH CHE(lys)-NH. .  N,N-dlmethyl-i
C = 0   ► E(lys)-N=C  X  "
CH2 CH2
NHg NHg
ALA P-side enzyme-substrateSchiff-base
* denotes ^^C-labeUed positions.
Scheme 6.4
The absence of any turnover with N,N-dimethyl-ALA, suggests 
th a t it does not bind to the A-side binding site of ALA dehydratase 
and is therefore not a  su itable substrate for the enzyme.
6 .3 .2*3 Single-turnover reaction  w ith [4-i3c]ALA.HCl (50% 
enriched) and 5-methyl-ALA.HCl.
The NMR spectrum  (36,000 transients) of the reaction 
m ixture, containing stoichiom etric equivalents of ALA dehydratase 
and  [4-13CJALA.HC1 (50% enriched) together w ith a  1000-fold 
excess of 5-methyl-ALA.HCl, revealed no peaks in the aromatic 
spectral region, suggesting th a t the labelled substra te  had not been 
carried over to product as illustrated in Scheme 6.5.
The absence of any turnover with the 5-methyl-ALA suggests 
th a t it does not bind to the A-side binding site of ALA dehydratase 
and is therefore not a su itable substrate for the enzyme.
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COgH
CHg
Œg N *c=o/%
NHg
ALA
Edysj-NHg
COgH
CHg
E (lys)-N=C *H /rag
NHo
P-side enzyme-substrate Schiff-base
5-methyl-ALA
 X— -
TOgH
CHg
r a g  
♦ c —
CD
œgE
CHg
c\ CHCHg
NHg
♦ denotes ^^C-labelled positions.
Scheme 6.5
6 .3 .2 .4  Single-turnover reaction  with [4-13c]ALA.HCl (50%
enriched) and the m ethyl ester of ALAHCl.
The NMR spectrum  (72,000 transients) of the reaction 
m ixture, containing stoichiom etric equivalents of ALA dehydratase 
and  [4-13CJALA.HC1 (50% enriched) together w ith  a  1000-fold 
excess of ALA.HCl (methyl ester), revealed no peaks in  the aromatic 
spectral region, suggesting th a t the labelled substra te  had not been 
carried over to product as illustrated in Scheme 6 .6 .
COgH
CHg
rag
c=o/CEg
NHg
ALA
COgH
CHg
■ E , W - A '
r a g
NHo
P-side enzyme-substrate Schiff-base
ALA (methyl ester)
 X -
œgH
CHg
rag
*c—
CO2CH3
CH2VNHo
* denotes ^^C-labelled positions.
Scheme 6.6
The absence of any turnover with the methyl ester of ALA
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suggests th a t it does not bind to the A-side binding site of ALA 
dehydratase and is therefore not a su itable su b s tra te  for the 
enzyme.
In order to determine what effect if any, the four analogues of 
ALA discussed above had on the rate of production of PEG, enzyme 
kinetics were carried out and th is is discussed in detail in the 
following sections of the Chapter.
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6.3.3 Enzyme kinetics.
6 .3 .3 .1  Substrate concentration and initial velocity.
The progress curves of PBG production at pH 6 . 8  and 37 °C, 
from four concentrations of ALA (Fig. 6.3), were obta ined w ith a 
h ighly purified preparation  of ALA dehydratase w h ich had  been 
previously desalted. The am ount of PBG formed per ml of the final 
solution was found to be proportional to time, w ithin the limits of 
experim ental error.
2.0 mM ALA16 -
14 -
1.0 mM ALA
12 -
I
i  >«■
"o
0.5 mM ALA
0.25 mM ALAXo 6 -
4”
0.00 0.25 0.50 0.75 1.00
T im e/h
Figure 6.3 Progress curves showing the amount of PBG formed per ml of final 
solution. Each point represents a separate incubation, employing 0.0375 mg of 
ALA dehydratase.
Figure 6.4 is a  plot of the reciprocol of the initial velocity of 
ALA dehydratase aga inst the reciprocol of the concentration of ALA, 
a t pH 6 . 8  and 37 °C.
2 1 0
1.6 -
1.2 -
0.8  -
0.4 -
-4.0 -3.0 - 2.0 - 1.0 0.0 3.01.0 2.0 4.0
/(mM)-]
Figure 6.4 Plot of 10"  ^x 1/V versus 1/S, showing enzyme activity as a  function 
of substrate concentration.
The value of for th is  enzyme preparation , determ ined
from the in tercep t on the absc issa is 0.44 mM. The m ax im um  
initial velocity, V^ax* (determined from the ordinal intercept) was
1.33 mmol PB G /h/m g under these conditions.
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6 .3 .3 .2  Effect of levulinic acid on the in itia l velocity  of ALA 
dehydratase.
The p ro g ress  cu rves of PBG p ro d u c tio n  from  four 
concentrations of ALA, each in the presence of 0.25 mM levulinic 
acid are shown in Fig. 6.5.
7.5 mM ALA
12.0 -
2.0 mM ALA
10.0 -
1o 8 .0 -s
1.0 mM ALA
0.5 mM ALA
"o 6 .0 -
X«2  4 .0-
2 .0 -
0.0
0.00 0.25 0.50 0.75 1.00
Tim e/h
Figure 6.5 Progress curves showing the amount of PBG fonned per ml of final 
solution in the presence of 0.25 mM levulinic acid. Each point represents a 
separate incubation, employing 0.0375 mg of ALA dehydratase.
A com parison of the initial velocities obtained in the presence 
and  in the absence of levulinic acid, clearly suggest th a t levulinic 
acid inhibits the enzyme reaction.
In order to determ ine the natu re  of th is inhibition, a plot of 
the reciprocol of the initial velocity of ALA dehydratase aga inst the 
reciprocol of the concentration of ALA in the presence and in the 
absence of levulinic acid was made, and this is show in Fig. 6 .6 .
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2.4 -
0.4 -
-4.0 -3.0 - 2.0 - 1.0 0.0 1.0 3.02.0 4.0
Figure 6.6 Plot of 10'^ x 1/V versus 1/S, showing enzyme activity as a function 
of substrate concentration in the presence (o) and in the absence (•) of levulinic 
acid.
The plot clearly shows th a t levulinic acid behaves as a n o n ­
competitive inhibitor, competing with the n a tu ra l substra te , ALA, 
for the enzyme to form an enzyme-inhibitor complex, El, as well 
as b inding to the  enzym e-substrate  complex, ES, to form an 
enzym e-substrate-inh ib ito r complex. ESI. This is schem atically 
represen ted  below.
’mixed' pyrrole
E
I
S■X— El
ES 
I
ESI ’mixed’ pyrrole
Since levulinic acid is known to form a Schiff base w ith the 
bovine liver enzyme, it m ust be competing w ith the  substra te  for 
the P-side binding site of the enzyme and acting as an inhibitor
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because it lacks an am ino group for pyrrole ring formation. The fact 
th a t levulinic acid forms an enzym e-substrate-inhibitor complex, 
does not altogether rule ou t the formation of product, since a 
'm ixed' pyrrole w as detected in the single-turnover reaction, 
described in Section 6.3.2.1. The rate of formation of the 'mixed' 
pyrrole however, m ust be slower than  the rate of dim érisation of 
the natu ra l substrate, ALA, to form PBG. The fact th a t levulinic acid 
behaves as a non-competitive inhibitor of the bovine liver enzyme is 
in direct con trast to its action as a competitive inhibitor of the 
enzyme from Rhodopseudomonas spheroids.
6.3 .3 .3  Effect of N,N-dimethyl-ALA.HCl on the initial velocity of 
ALA dehydratase.
No change in the initial velocity of ALA dehydratase was 
observed w ith four different concentrations of ALA (0.25 mM, 
0.5 mM, 1 mM, and 2 mM), each in the presence of 0.25 mM 
N,N-dimethyl-ALA.HCl. This suggests th a t the la tte r  is no t a 
substra te  for the enzyme and therefore does not bind to either of 
its binding sites. The above result explains why no mixed' pyrrole 
was formed in the single-tum over reaction with equimolar am ounts 
of ALA dehydratase and I4-13C]ALA.HC1 (50% enriched) and a large 
excess of N,N-dimethyl-ALA.HCl.
6.3 3 .4  Effect of 5-methyl-ALA.HCl on the initial velocity of ALA
dehydratase.
No change in the initial velocity of ALA dehydratase was 
observed w ith four different concentrations of ALA (0.25 mM, 
0.5 mM, 1 mM, and 2 mM), each in the presence of 0.25 mM 
5-methyl-ALA.HCl. This suggests th a t the latter is not a substrate for
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1 mM ALA12 -
10 -
4"
1 mM ALA (methyl ester)
0.00 0.25 0.50 0.75 1.00
T im e/h
Figure 6 .7  Progress curves showing the amount of PBG formed per ml of final 
solution. Each point represents a separate incubation, employing 0.0375.mg of 
ALA dehydratase.
the enzyme and therefore does not bind to either of its binding 
sites. The above result explains why no 'mixed' pyrrole was formed 
in the single-turnover reaction with equim olar am ounts of ALA 
dehydratase and [ 4 - ALA.HCl {50% enriched) together with a 
large excess of 5-methyl-ALA.HCl.
6.3 .3  5 Effect of ALA.HC1 (methyl ester) on the initial velocity of 
ALA dehydratase.
The p ro g ress  cu rves of PBG p ro d u c tio n  from  four 
concentrations of ALA (0.25 mM, 0.5 mM, 1 mM. and 2 mM), each 
in the presence of 0.25 mM ALA.HCl (methyl ester), showed th a t 
the methyl ester has virtually no effect on the inital velocity of ALA 
dehydratase.
A comparison of the progress curves of PBG production using 
1 mM ALA.HCl and 1 mM ALA.HCl (methyl ester) as su b stra tes  
(Fig. 6.7), suggests th a t the latter is only a poor substra te  for the 
enzyme. This explains why no 'mixed' pyrrole was formed in the 
s in g le -tu rn o v e r reac tio n  w ith  equim olar a m o u n ts  of ALA 
dehydratase and [4-13c]ALA.HCl (50% enriched) together with a  
large excess of ALA.HCl (methyl ester).
The only difference between ALA and its methyl ester is th a t 
the la tte r lacks a  free carboxyl group which possibly plays an 
im p o rtan t role in  b inding the su b stra te  to the  enzyme. The 
Rhodopseudomonas spheroids enzyme is known to bind the methyl 
es te r of ALA in the form of an enzym e-substrate Schiff base 
complex, a t the P-site as it does the natural substrate, ALA. The free 
carboxyl group of the su b stra te  m ust therefore be essential for 
binding to the A-site of the enzyme.
These findings imply the existence of a  positively charged
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group a t the A-side binding site of the enzyme, which not only 
increases the affinity of the substrate, ALA, to the enzyme b u t also 
plays a  role in orienting the molecule in such a m anner th a t PBG 
rather th an  its isomer, pseudo-PBG, is formed. If one assum es th a t 
pyrrole formation proceeds via an enam ine interm ediate, then  in 
the absence of an orienting group, pseudo-PBG would be formed 
(Fig. 6 .8 ).
%
CHg
E (Iys)-N=C — - CHa
CHg \ = 0
CFa
%
co;
Figure 6.8 Formation of pseudo-PBG.
This is because the C5 protons of ALA are more acidic than  
the C 3  protons and therefore the carbon-carbon double bond of the 
enam ine would be formed between C 4  and C 5  of A side ALA.
2 1 6
%s iSiS 2
Ov w o \
+ M
i
< d
/ " - s
IXX
+ WVVV»!I
% Sm .s
"  A ies X. Ù:
I-
XX
< d
§
* " " ' ÿ - “ xg“A “ '
+XXi
f j
X
+  W V X A T  I
%t eX
-j A
\ I
I* \  CM^  :!2;ffi
+I^ KI
E «
+XX 
%
+ VVVWI  ^
8 "
%g
. o /
g-
8” 8 / U .
S
•:XXS
■i/
+ rfwwi l;^
% I .m X £
M X
f esiï
es g.
dI
i j f
K
es
X X i
X
i
1
I
I
§
I
i
CDI
6 .3 .4  Postulated mechanism for the ALA dehydratase catalysed  
dimérisation of ALA
On the basis of the results obtained for the 'model' reaction,- 
the condensation of ALA with pentane-2,4-dione, it is reasonable to 
a ssu m e  th a t  PBG form ation, w hich is also  a  K norr-type 
condensation, proceeds via an enam ine intermediate. Assuming the 
existence of a m inim al functional dimer, involving ad jacen t 
alignm ent of two ALA binding sites on separate  subunits,'*® a 
m echanism  has been postulated for the ALA dehydratase catalysed 
dim érisation of ALA (Scheme 6.7). This m echanism  suggests the 
req u irem en t of several p ro to n a tio n /d ep ro to n a tio n  sequences 
catalysed by particular residues a t the active site of the enzyme.
The finding th a t cysteinyl residues at the active site are of 
high reactivity, suggests th a t these residues may participate in the 
necessary ac id /base catalysis by the enzyme. In order to participate 
th roughout the catalysis as depicted in Scheme 6.7, each group 
(B' or BH) m ust alternate in ac id/base status. A convenient means of 
achieving th is is to interpose an imidazole bridge for regeneration 
of the required sta te . C onsisten t with th is suggestion is the 
observation th a t a  histldinyl residue is essential for ALA dehydratase 
catalysis.**^
The m echanism  in Scheme 6.7 involves the initial formation 
of a Schiff base between the carbonyl group of P-side ALA and a 
lysine residue in subunit 1 (I). This is followed by the alignment of 
A-side ALA in subun it 2, by a  positively charged group, possibly an 
arg inine or a  lysine residue (II). A hydrogen bond between the 
carbonyl oxygen of A-side ALA and BH (possibly thiol) in  subunit 2, 
polarises the former and facilitates nucleophilic attack upon it 
by the amino group of P-side ALA. The starting BH status is
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regenerated by mediation of a  h istidine residue and leads to the 
formation of a carbinolam ine intermediate (IV).
Th is is followed by a  second p ro to n a tio n /d ep ro to n a tio n  
sequence, with the elimination of a molecule of w ater across C3  and 
C 4  of A-side ALA resu lting  in the form ation of an  enam ine 
Interm ediate (V). The latter then undergoes a sh ift of its nitrogen 
lone pair to form a  cyclic interm ediate (VI). (The alternation of the 
B /BH  sta tu s  from V to VI via  the imidazole bridge has not been 
shown in Scheme 6.7, for clarity).
It has been reported, th a t the C5 pro-S proton of P-side ALA 
is stereospecifically reta ined during the arom atisation process."*® 
This im plies, th a t the removal of the pro -R  pro ton  from an 
interm ediate of type VII occurs while the species is enzyme-bound 
and not after its release into the medium. The subsequen t steps 
including transam ination and proton transfer from BH residues to 
the carboxylate groups of VII with the mediation of the imidazole 
bridge system, complete PBG formation and regenerate the initial 
state of the enzyme.
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C H A P T E R  S E V E N
KINETIC INVESTIGATIONS OF THE VAN DEN BERGH
REACTION
HAEM
BILIVERDIN IXa
BILIRUBIN IXa
> (  haem ,. oxygenase
0 0  % \F e  
V M
\  birds, amphibia excreted
biliverdin
reductase
O Q
M NH HN
NH HN
M
PF
sugars
b ilirubin-sugaresters
(gut) urob ilinoids faecalexcretion
Scheme 7.1 The metabolic degradation of haem to bile pigments in mammals 
and other vertebrates (M = CG3; V = CG=CG2; P = CG2CG2CO2H).
7.1 Introduction.
B ecause of the ir extensive highly delocalised electron 
systems, haem s and porphyrins are relatively stable molecules as far 
as  the  m acrocycle ring system  is concerned. N evertheless 
degradation of haem  and porphyrin macrocycles does occur in 
biological and non-biological systems.
Haem, in association with various proteins, plays a remarkably 
versatile set of roles in biology. In haemoglobin and myoglobin, 
w hich are concerned w ith oxygen transpo rt and storage, it is 
essential th a t the iron atom  of haem  is m a inta ined in the + 2  
oxidation state in order th a t the haem  may bind oxygen. In the 
cytochrom es which are concerned with electron tran sp o rt, the 
iron atom of haem  m ust shuttle between the +2 and +3 oxidation 
states. Cytochrome P450, which is concerned w ith hydroxylation 
and drug metabolism, m ust permit its iron to oscillate between the 
+2 and +3 oxidation states and it m ust accomodate the binding of 
oxygen while the  iron is in the +2 oxidation s ta te . O ther 
haem opro teins include ca ta lase , peroxidase and  try p to p h an  
dioxygenase which are concerned with decomposition of H2 O 2 , 
oxidations by H2 O 2 and dioxygenation respectively. Although 
haemoproteins cariy  out a variety of functions, in mammals, by far 
the  g reat m ajority  of the haem  resides in the  haem oglob in 
contained in the circulating erythrocytes.
The m ost im portant functional pathway by which haem  is 
broken down in living systems is its conversion to the bile pigment 
biliverdin IXa as shown in Scheme 7.1. In hum an beings and many 
anim als, the fu rther conversion of biliverdin to the yellow bile 
pigment, bilirubin IXa occurs (Scheme 7.1).
Although theoretically the porphyrin ring of haem  may be
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broken a t any of the four carbon bridges, leading to a  series of 
tetrapyrroles, ^  in living organisms, only one isomer, bilirubin IXa is 
derived from haem  degradation. This compound resu lts  from the 
iron protoporphyrin ring opening a t the a-bridge of the IX isomer.
Oxidation of haem  at the a-bridge by haem  oxygenase (an 
enzyme located in the microsomal fraction of a variety of tissues 
such  as spleen, liver, bone marrow and kidney), produces carbon 
monoxide and an unstable iron complex th a t loses iron to give the 
green pigment, biliverdin IXa. The iron is reta ined as ferritin and 
reutilised and bilverdin is reduced enzymatically to bilirubin IXa 
(Scheme 7.1). Detailed m echanistic analyses of haem  degradation 
have been presented in earlier reviews.
Catabolism of haem  is the only known source of bilirubin IXa 
and 300 to 500 mg of the pigment are produced per day in adult 
hum an  beings.® The high degree of hydrogen bonding p resen t in 
bilirubin renders it highly insoluble in water a t physiological pH. In 
order to be transported  in plasm a, b ilirubin b inds strongly to 
certa in  proteins, particu larly serum  album in. A lthough serum  
album in  is the m ajor carrier, other proteins su ch  as a  and p 
globulins have also been found to associate w ith bilirubin.® Protein 
bound bilirubin is not easily excreted and cannot efficiently pass out 
of the circulation across either of the selective barriers, kidney and 
liver, into urine or bile.^ This problem is circumvented in nature by 
conjugation of bilirubin, th a t is, by attaching polar substances such 
as glucuronic acid to the carboxylic acid groups of bilirubin. A 
glucuronyl transferase enzyme esterifies the carboxylic acid groups 
of bilirubin giving a  m ixture of mono- and di-glucuronides. These 
glucuronides (sugars), which are synthesised mainly in the liver are 
more polar th an  bilirubin and can be readily excreted in bile.
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Conjugated bilirubin exists mainly in serum as the diglucuronide, a 
form in which it is water-soluble and non-toxic. The glucuronides 
are then secreted via the bile duct into the intestinal trac t where 
they undergo fu rther reductive transform ation  to urobilinoids 
before their final excretion in the faeces. B ilirubin appears to have 
no specific function other than  participation in a pathway for the 
elimination of unwanted haem from the organism.
The bilirubin concentration in plasm a is a t m ost 15 |iM.® 
This am ount can be dealt w ith efficiently by healthy liver, b u t 
diseased liver, in which one or more of the processes between 
b ilirub in  production and excretion is d isrup ted , leads to the 
development of elevated levels of bilirubin in the serum , known as 
hyperbilirubinemia. The increased am ounts of pigment result in the 
characteristic yellow colouring of the skin, referred to as jaundice. 
Jaundice and hyperbilirubinemia are not diseases in  themselves b u t 
symptoms of a num ber of liver disorders which result in abnormally 
high levels of serum  bilirubin. Hyperbilirubinemia is particularly 
prevalent am ongst newborn bab ies where levels of the glucuronyl 
tran sfe ra se  enzyme involved in the form ation  of b ilirub in  
diglucuronide are very low. In the fetus th is is no t a problem 
because the lipophilic bilirubin can pass readily across the placenta 
from the fetal to the m aternal circulation where is it glucuronidated 
and excreted by the m other's liver. This cannot occur in the 
newborn however, so after b irth, levels of bilirubin in serum  begin 
to rise, resulting in hyperbilirubinemia. Usually within 7-14 days 
the baby is able to synthesise and excrete bilirubin glucuronides 
w ith complete efficiency. However while hyperbilirubinem ia lasts, 
the toxicity of bilirubin may lead to irreversible cell damage, even 
brain damage if bilirubin crosses the blood-brain barrier.
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The m ost u su a l and effective form of tre a tm e n t of 
hyperbilirubinem ia in newborns is phototherapy. The patien t is 
exposed to ultra-violet light for several hours or even days, until the 
ja u n d ic e d  yellow colouring d isap p ears . The way in  w hich 
phototherapy works to reduce free bilirubin is no t entirely clear 
although studies have been undertaken  to investigate possible 
m echanism s.®  Evidence has established tha t b ilirubin undergoes 
rap id  reversible carbon-carbon  double bond  configurational 
isom erism  to unstab le  4E and 15E isom ers w hen irradiated in 
solution^® and it seems likely th a t photoisomerisation of bilirubin, 
d is ru p tin g  hydrogen bonds and  form ing a m ore so lub le 
configuration, increases the efficiency of tran sp o rta tio n  and 
excretion of the pigment. McDonagh et also note th a t b inding 
of bilirubin to album in does not inhibit photoisomerisation. Indeed, 
in h u m an  album in  the rates of s tru c tu ra l and configurational 
isom érisation are higher than  in the presence of organic solvents.
The clinical diagnostic te st for serum  bilirubin is based on a 
m ethod devised by van den Bergh. In the van  den Bergh 
m e th o d  for the colorimetric determ ination of b ilirubin  in
biological flu ids, b ilirub in  reac ts  w ith  arened iazon ium  ions 
(diazotised sulphanilic acid) in acid solution, to form stable red to 
violet azo pigments and this reaction enables its presence in blood 
and urine to be dem onstrated and its content determ ined. The 
s tru c tu re s  of the azo pigm ents derived from diazotised ethyl 
anthranilate  and aniline have been established^® and the reaction 
w ith  d iazotised  ethyl a n th ra n ila te  h as  been  u sed  in thé  
determ ination of the structures of bilirubin c o n ju g a te s .O v e rb e e k  
et showed, on the basis of kinetic m easurem ents th a t bilirubin 
couples with two equivalents of a  diazonium ion in two stages w ith
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Schem e 7.2 Réaction of bilirubin with diazotised sulphanilic acid.
scission of the methylene bridge. In the first stage, the products 
are ’vinyl' azobilirubin (1) with its tautom eric arylhydrazone and 
hydroxypyrrom ethenecarb inol (II) {Scheme 7.2). In the second 
stage, II couples slowly with a second molecule of diazonium ion, to 
form 'isovinyl' azobilirubin (III) and its tautom er w ith elimination of 
form aldehyde.^®  In 1980, it was shown by CompernoIIe et 
using and NMR determ inations, th a t the pigm ents exist 
predominately as aiylhydrazones rather than as azo compounds.
It was thought th a t binding of bilirubin to album in prevented 
reaction w ith diazotised sulphanilic acid, so before the test was 
carried out, alcohol was added to the sample to remove all the 
pro tein . U nder mildly acidic conditions, approp riate  for the 
diazotisation of sulphanilic acid, a  red azo pigment was obtained. In 
later studies two azo reactions were observed suggesting th a t two 
types of bilirubin occur naturally in s e r u m . T h e  first reaction 
occurred almost instantaneously, the second only after the addition 
of alcohol. It is generally accepted th a t the first reaction is due to 
the direct reaction of free' or unbound bilirubin. In contrast, 
b ilirubin bound to album in only reacts quickly once it has been 
solubilised by the addition of alcohol. The estim ation of the total 
b ilirubin content of a sample is therefore established by m easuring 
the am ount of direct reacting bilirubin and adding to th is the 
am ount of indirect reacting bilirubin detected after the addition of 
alcohol to the sample. This technique is not entirely satisfactory, 
however, because co-precipitation of bilirubin to the protein leads 
to u n d er estim ation  of the to tal b ilirubin  con ten t. A fu rth er 
refinem ent of the van den Bergh test for clinical analysis, was the 
use of a  variety of substances which increase the rate a t which the 
d iazo tisation  reaction  proceeds. These su b s tan ces  know n as
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accelerators or prom oters include caffeine, sodium  benzoate, 
sodium acetate, urea and m ixtures of these. However, in spite of the 
chemical uncerta in ty  of the processes involved, the van den Bergh 
test, using accelerators, is routinely used for the clinical estimation 
of to tal b ilirubin content in plasm a. The determ ination of total 
b ilirubin content by the diazo reaction is crucial in the detection 
and diagnosis of jaundice and the need to quantify the test has led 
to many modifications.^®
In the hope of gaining an insight into the chem istry of the 
diazo reaction, a  k inetic study  of the effect of acid and diazo 
compound on the reaction of bilirubin ditaurate disodium salt w ith 
p-nitrophenyldiazonium  tetrafluoroborate was undertaken . It is 
reasonable to assum e th a t the above reaction  is in itiated by 
electrophilic attack  on one of the two central pyrrole rings of the 
bilirubin  conjugate. There are two electrophiles p resen t in  the 
reaction  m ixture, namely, diazonium  ions and protons. Kinetic 
evidence allows u s to determ ine which is responsible for the 
cleavage of the central methylene bridge. As the products of diazo- 
coupling reactions are highly coloured, the kinetics of the above 
reaction were readily studied by stopped-flow spectrophotom etry. 
The reaction was found to be first-order in the  appearance of 
product (diazonium ions and acid present in large excess).
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7.2 Experimental.
7.2.1 Materials.
B ilirubin  d itau ra te  disodium  sa lt was p u rch ased  from 
American Biochemicals Ltd. and used as such. Fluoroboric acid 
(BDH), sodium nitrite (Aldrich), ethanol, diethyl ether and 1 M HCl 
(Rhone Poulenc Ltd., analaR) were used as received, p-n itrophenyl­
diazonium tetrafluoroborate was prepared as described in Section 
7.2.3.
7.2.2 Instrumentation and General Techniques.
Kinetic studies of the reaction of bilirubin d itaurate disodium 
salt and p-nitrophenyldiazonium tetrafluoroborate were carried out 
on a  Hi-Tech stopped-flow spectrophotom eter equipped w ith a 
SF-40C photomultiplier, a Data-Lab DC 901 transient recorder and 
a  DT V12-14 Farnell oscilloscope. A very dilute solution of bilirubin 
ditaurate disodium salt was placed in one arm and a  solution of 
p-nitrophenyldiazonium  tetrafluoroborate in HCl in  the other. 
Reactions were monitored at X = 560 nm and 25 °C. Data acquisition 
an d  p ro cessin g  were carried  ou t by an  Apple II P lus 
microcomputer, using a Hi-Tech system software kinetics package. 
Observed rate constants were calculated by a com puter programme 
using the method of Kezdy^® and Swinbourne.^^ Spectra of the 
coloured products were recorded on a Philips PU 8732 UV/Visible 
sc an n in g  sp ec tro p h o to m ete r fitted  w ith  a PU 8732 cell 
program m er.
7.2.3 Preparation of p-nitrophenyldiazonium tetrafluoroborate.
p-n itrophenyld iazonium  te trafluoroborate  w as prepared  
according to the method of Starkey.
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0 to 5®C+ HNOg + HBF4  ---------- 2 || I + 2 H2 O
NO2 NO2
p-n ltroan lline  p-nitrophenyldiazoniumtetrafluoroborate
p-nitroaniline (17.0 g, 0.125 mol) was dissolved in fluoroboric 
acid (55 ml) in a 200 ml beaker. The beaker was placed in an ice 
b a th  and the solution stirred. A cold solution of sodium  nitrite 
(8.5 g, 0.125 mol) in water (17 ml) was added dropwise. When the 
addition was complete, the mixture was stirred for a  few m inutes 
and  filtered by suction  on a sin tered  glass filter. The solid 
diazonium tetrafluoroborate was washed once with cold fluoroboric 
acid (15 ml), twice with cold 95% ethanol and several tim es with 
diethyl ether. The product weighed 29.3 g (99% yield).
2 2 9
0.50-
0 .40-
„ 0.30 -
0 .1 0 -
0.00
0.00 0.10 0.20 0.30 0.500.40
IHCll/M
Figure 7.1 Effect of hydrogen ion concentration on the rate of reaction between 
bilirubin ditaurate disodium salt and p-nitrophenyldiazonium tetrafluoroborate.
7.3 Results and Discussion.
7.3.1 Effect of hydrogen ion concentration on the rate of reaction
between bilirubin ditaurate disodium salt and p-nitro- 
phenyldiazonium tetrafluoroborate.
In o rd er to investiga te  the effect of hydrogen  ion 
concentration on the rate of reaction between bilirubin d itaurate 
disodium  salt and p-nitrophenyldiazonium  tetrafluoroborate, the 
rate of reaction of the above system was determined as a  function of 
hydrogen ion concentration, at constant bilirubin conjugate and 
diazonium  ion concentrations. F irst order curves were obtained 
from stopped-flow kinetic experiments on the above system. The 
observed rate constants, for a  series of reactions (an average of 
five readings in each case) involving an increasing am ount of HCl 
are listed in Table 7.1. Figure 7.1 illustrates graphically the effect of 
hydrogen ion concentration on the rate of the reaction.
Table 7.1 Effect of hydrogen ion concentration on the rate of reaction 
between bilirubin ditaurate disodium salt (A) and p-nitrophenyldiazonium  
tetrafluoroborate (B).
lAj/M [Bi/M [HClj/M
2 X 10-5 2.5 xlO-5 0.1 0.363
2 X 10-5 2.5 xlO-5 0.2 0.363
2 X 10-5 2.5x10-3 0.3 0.367
2 xlO-5 2.5x10-3 0.4 0.367
2 xlO-5 2.5 xlO-3 0.5 0.363
The experimental pseudo first-order rate constant, kobs*
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rem ained unchanged with increasing HCl concentration, suggesting 
th a t protons are not responsible for the cleavage of the central 
m ethylene bridge of the bilirubin conjugate molecule. The above 
evidence is clear indication of the fact, tha t the diazo reaction does 
not proceed as illustrated in Scheme 7.3.
V M M M
fast
M M
slow
M M
fast ArN2+
products
I O I
where M = CHg: P = CHaCIaCOaCIlCIOHlaCICONHCHaCIsSOg Na ; Ar = PhNO; 
V = CH=CHg.
Scheme 7.3
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Figure 7.2 Effect of diazonium ion concentration on the rate of reaction 
betw een b ilirub in  d itau ra te  disodium  sa lt and p -n it ro p h e n y ld ia z o n iu m  
tetrafluoroborate.
7.3.2 Effect of diazonium ion concentration on the rate of reaction 
between bilirubin ditaurate disodium salt and i^nitrophenyl- 
diazonium tetrafluoroborate.
In order to investigate  the  effect of diazonium  ion 
concentration on the rate of reaction between bilirubin ditaurate 
disodium  salt and p-nitrophenyldiazonium  tetrafluoroborate, the 
rate of reaction of the above system was determined as a  function of 
diazonium  ion concentration at constant bilirubin conjugate and 
hydrogen ion concentrations. The observed rate constants, for 
a series of reactions (an average of five readings in each case) 
involving increas ing  am o u n ts  of p - n i t r o p h e n y l d i a z o n i u m  
tetrafluoroborate are shown in Table 7.2. F igure 7.2 illustrates 
graphically the effect of the diazonium ion concentration on the 
rate of reaction of the above system.
Table 7 ,2  Effect of diazonium ion concentration on the rate of reaction 
between bilirubin ditaurate disodium salt (A) and p-n itrophenyldiazonium  
tetrafluoroborate (B).
IA]/m IBl/M [JKLMNO kobs/s-^
2 X 10-5 1.0 X 10-5 0.1 0.333
2 X 10-5 2.5 X 10-5 0.1 0.363
2 X 10-5 5.0 X 10-5 0.1 0.412
2 X 10-5 7.5 X 10-5 0.1 0.460
2 X 10-5 10.0 X 10-5 0.1 0.506
The variation of the experimental pseudo first-order rate
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constant, kobs* w ith diazonium ion concentration w as found to be 
linear w ith a large positive in tercept (Fig. 7.2). This shows th a t 
diazo coupling is an equilibrium reaction.
7.3.3 Proposed mechanism of the diazo coupling reaction.
The oscilloscope trace  for the  diazo coupling reaction  
(Fig. 7.3), provided strong evidence th a t the reaction occurs in two 
steps, w hich is reasonable if cleavage of the central methylene 
bridge of the bilirubin  conjugate molecule occurs by attack  of 
diazonium ions on each of the central pyrrole rings in two steps.
0.5
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I
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0.0 1.0 3.0 4.02.0 5.0
T lm e/s
Figure 7.3 Oscilloscope trace obtained for the reaction between bilimbin 
ditaurate disodium salt and p-nitrophenyldiazonium tetrafluoroborate.
Based on the kinetic evidence obtained for the above diazo 
reaction, a  reaction m echanism  has been proposed to involve 
electrophilic attack  by diazonium  ion on a  central pyrrole ring of 
the  b ilirubin  conjugate molecule, B, at either position 9 or 11 
(Scheme 7.4). This leads to the form ation of the 'isovinyl' azo
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pigm ent, P^, from initial a ttack  a t position 1 1  (or the 'vinyl' azo 
pigm ent, w hen the in itial point of electrophilic a ttack  is 
position 9). The rem aining oxopyrromethene half of bilirubin, S, is 
potentially reactive with an additional mole equivalent of diazonium 
ion, leading to the form ation of (in Scheme 7.4) the  'vinyl' azo 
pigment, P2 , and one equivalent of formaldehyde, in a  step which is 
significantly slower than th a t leading to the formation of P^ and S.
The observed rate constemt, ko^g, m easured by the stopped 
flow apparatus is tha t of the initial reversible reaction leading to the 
formation of P% and S (Scheme 7.4).
All reactions on approach ing  equilibrium  becom e first-
23order, so th a t the m easured value of kobs Is given approximately 
by the expression,
kobs = kilBllArNal - k_i[Sl[Pil
This explains the dependence of kobs ori [ArNg^] (Fig. 7.2) 
and the significance of the intercept which is equal to k.i[S][Pij. All 
the experimental data are consistent with Scheme 7.4.
T hus, of the two electrophiles p resen t in the  reaction  
m ixture, namely, diazonium  ions and protons, kinetic evidence 
suggests th a t the diazonium  ions are solely responsible for the 
cleavage of the central methylene bridge of the bilirubin d itaurate 
disodium salt molecule.
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